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Abstract 
Bacteroidetes bacteria have evolved to become excellent biomass degraders. They 
achieved this by applying carbohydrate-active enzymes (CAZymes) and organizing 
genes connected to the degradation of specific polysaccharides into discrete gene 
cassettes, so-called polysaccharide utilization loci (PULs). Consequently, CAZymes 
and PULs may hold the potential to improve biomass valorization processes in 
biorefineries and to advance our understanding of human and livestock gut health. 
CAZymes are extremely diverse in activity and structure, and for some enzyme 
families only little is known to date. For example, certain carbohydrate esterases 
(CEs) combine multiple catalytic domains within one protein, resulting in 
multicatalytic enzyme architectures, and the properties of these have been little 
explored. In this thesis, I present biochemical data showcasing the existence of 
intramolecular synergy between the active domains of multicatalytic CEs (BoCE6-
CE1). The observed intramolecular synergy facilitated more efficient degradation of 
xylan-rich biomass compared to non-multicatalytic CEs, giving a possible 
explanation as to why multicatalytic CEs exist in the genomes of Bacteroidetes 
species. Well-defined activity profiles of several here characterized CEs support the 
hypothesis that each catalytic domain fulfills an individual role during concerted plant 
biomass degradation, explaining why some PULs encode multiple CEs from the same 
enzyme family. Further, the investigated CEs cleaved xylan decorations and 
increased the activity of xylanase-mediated biomass degradation up to 20-fold 
(FjCE6-CE1). During the investigation of the CAZyme repertoire of different species 
I also identified a remarkably active and promiscuously acting acetyl xylan esterase 
(DmCE6A), as well as a rare enzyme architecture that may offer new insights into the 
multitude of interacting enzyme activities necessary to degrade plant biomass 
(BeCE15A-Rex8A). 
PULs encode a plethora of CAZymes and have been shown to be vital for the glycan 
degradation abilities of Bacteroidetes species. However, the investigation of PULs is 
aggravated by their usually large size, which often limits the scope of genetic studies. 
In this thesis, I present a new method for the transfer of PULs between Bacteroidetes 
species, thus expanding the tools available for the identification and characterization 
of PULs and their components. The PUL transfer was demonstrated for a previously 
characterized mixed-linkage β-glucan utilization locus and conferred the ability to 
metabolize mixed-linkage β-glucan to the receptor strain.  
Keywords: Bacteroidetes, polysaccharide utilization locus, PUL transfer, 
carbohydrate-active enzymes, multidomain enzymes, carbohydrate esterases, plant 
biomass degradation, xylan 
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Microorganisms, such as bacteria from the phylum Bacteroidetes, employ enzymes 
to degrade biomass in their natural habitat. Researching these enzymes and how they 
are utilized by Bacteroidetes advances our understanding of natural biomass 
degradation, which in turn may find application in biomass valorization processes 
and gut health. The overall aim of my PhD thesis was to explore the potential of the 
bacterial phylum Bacteroidetes for the degradation of plant biomass.  
 
 
1.1. Structure of this thesis 
This thesis consists of two parts. In the first part, I summarize my research results and 
put them in a larger context. First, I introduce the reader to microorganisms and their 
ability to enzymatically degrade biomass, as well as biorefineries in which plant 
biomass can be used as a feedstock (chapter 1). Then, I explain the structure of 
lignocellulose in general and xylan in detail and establish an understanding for the 
challenging recalcitrance of this substrate (chapter 2). I examine various enzyme 
activities that are important in degrading lignocellulose (chapter 3) and subsequently 
broaden the focus to discuss how microbes metabolize lignocellulose on the example 
of polysaccharide utilization loci (PULs) in Bacteroidetes (chapter 4). I also consider 
current limitations and give an outlook on future research (chapter 5). Lastly, I 
evaluate whether the aims of my thesis stated in chapter 1 section 7 have been 
addressed (chapter 6).  
Chapters 1 to 4 each contain a summary at the end. Abbreviations are introduced only 
once in text, but a compilation of all abbreviations used can be found at the beginning 
of the thesis. If used in figure captions, abbreviations are explained.  
The second part of this thesis consists of my scientific papers. Paper I discusses the 
biochemical properties of two multicatalytic carbohydrate esterases encoded by 
Bacteroides ovatus and Flavobacterium johnsoniae. The biochemical 
characterization of all carbohydrate esterases present in a specific PUL encoded by 
Dysgonomonas mossii is the topic of paper II. In paper III, the biochemical properties 
of a carbohydrate-active enzyme with an unusual multicatalytic enzyme architecture 
encoded by Bacteroides eggerthii are presented. B. ovatus, F. johnsoniae, and 
D. mossii are all members of the bacterial phylum of Bacteroidetes. In paper IV a new 
method for the transfer of PULs between Bacteroidetes species is described. 
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1.2. Microorganisms evolved carbohydrate-active enzymes to 
degrade organic matter  
Life on Earth in the form of single-cell microorganisms has been shown to date back 
3.5 billion years (1). During their long existence on Earth, microorganisms adapted 
to different habitats and in the process diversified into archaea, bacteria, and 
eukaryotes. Microorganisms influence the habitats they live in and are often vital for 
the balance of their respective ecosystems. For example, in soils microorganisms such 
as bacteria and fungi decompose organic matter making nutrients like nitrogen, 
phosphorus, and sulfur available for plants, thus closing the respective nutrient cycles 
(2,3). Enzymes are essential for the degradation abilities of microorganisms as they 
catalyze the various chemical reactions taking place during the decomposition of 
organic matter. With the advent of larger multicellular organisms, microorganisms 
started to also colonize habitats provided by these hosts, for example the 
gastrointestinal tract. Microorganisms inhabiting the gastrointestinal tract started to 
form their own ecosystems in which diversification led to the occurrence of thousands 
of species specialized on different nutrient sources and ecological niches. A prevalent 
bacterial phylum present in the gastrointestinal tract of mammals is Bacteroidetes 
(4,5), and many of its members have specialized on the degradation of diet or host-
derived glycans by developing a variety of carbohydrate-active enzymes (CAZymes) 
(6). Gut bacteria like Bacteroidetes also excrete short-chain fatty acids which 
contribute to the hosts caloric intake and have health-promoting effects (7-11). As 
such,  CAZymes are naturally relevant for gut health. CAZymes have also attracted 
interest for various industrial applications, for example for efficient degradation of 
organic matter in biorefineries.  
 
 
1.3. Biorefineries are envisioned to facilitate a circular and 
biobased economy 
To date, fossilized carbon resources such as petroleum oil, natural gas, and coal 
supply us with energy in the form of fuel, but also provide important precursors to 
the chemical industry for the production of many products such as plastics, fertilizers, 
and waxes (12). Unfortunately, fossilized carbon resources are limited and their 
consumption releases greenhouse gases which facilitate climate change. The 
limitations of fossilized carbon resources and the problems they create require a shift 
towards a circular economy that is based on sustainable and renewable resources. 
To effectively replace fossilized carbon resources, both the energy providing fuels, 
and the materials/chemicals derived from fossilized carbon have to be substituted 
(13). Biorefineries are envisioned to fulfill this role by converting renewable and 
ideally sustainably grown biomass into energy carriers, materials, and chemicals 




process steps depend on the composition of the biomass feedstock and the product 
portfolio.  
Generally, plant biomass based biorefinery processes start with the pretreatment of 
the feed material, followed by enzymatic hydrolysis during which sugars are released. 
These sugars can be metabolized by microorganisms in a fermentation step to produce 
for example biofuel. The fermentation products usually undergo several downstream 




Figure 1: The biorefinery concept. Renewable and sustainably grown biomass serves 
as feedstock and is converted in the biorefinery into a multitude of products including 
energy carriers (heat, electricity, and biofuels) and chemicals/materials (platform 
chemicals, pharmaceuticals, polymers, and microbial cell mass).  
 
Plant biomass based biorefineries produce a wide range of products in order to make 
efficient use of all components of the feedstock. Sugars are generally regarded as 
low-value products, but can be used for the microbial production of platform 
chemicals, pharmaceuticals, microbial cell mass (for example yeast for baking, 
protein for food and feed industry), and biofuels. Platform chemicals are a group of 
small molecules such as ethanol, glycerol, succinic acid, and lactic acid (14). They 
are the building blocks of many chemical synthesis processes and therefore of great 
importance for countless products of the chemical industry.  
Out of the different energy carriers that can be produced in biorefineries biofuels are 
the closest to large scale implementation. Biofuels have been continuously developed 
and improved over the last few decades and are generally divided into generations, 
currently ranging from first to fourth generation biofuels. In 2019, 5% of worldwide 
energy consumption (29 exajoules) was covered through biofuels (15). Most of the 
biofuels produced to date are first generation biofuels. First generation biofuels are 
based on crops rich in sugars and starch, and grown on arable land (16,17). Second 
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generation biofuels are produced from forestry or agricultural biomass grown on 
marginal land or as byproduct of crop production on arable land (16,17). While far 
less second generation biofules are produced compared to first generation biofuels, 
intense research efforts are undertaken to make second generation biofuels more 
competitive. In 2015, the worldwide capacity of second generation biofuels reached 
1,400 million liters compared to 85 billion liters of first generation biofuels (18). By 
2018, global biofuel production reached 154 billion liters (19), demonstrating a rapid 
increase in production.  
Selective processing in biorefineries can allow for the preservation of the polymer 
character of the biomass substrate, enabling the production of a variety of more 
complex products such as composite materials, carbon fibers, dispersants, and 
activated carbon (20-24). There are three major types of polymers present in plant 
biomass: cellulose, hemicellulose, and lignin. In reference to these three polymers, 
plant biomass is also called lignocellulose (25). The composition of lignocellulose is 
discussed in more detail in chapter 2.  
 
 
1.4. Plant biomass is a renewable feedstock for biorefineries  
Biomass, or in other words organic matter sourced from plants or animals, is the 
largest source of renewable carbon available to us (26). Our ability to make efficient 
use of this resource will be instrumental in the establishment of a circular and 
biobased economy. To date, the most commonly used feedstocks for biorefineries 
include corn, sugarcane, and sugar beet (27). These crops are high in simple sugars 
and more complex carbohydrates, a beneficial trait for biorefinery feedstocks, but 
they are also a food source and grown on arable land. Plants that are not used as food 
sources such as poplar, switchgrass, and elephant grass are attractive alternative 
candidates (28,29). In general, plants or crops used for biorefinery feedstocks should 
be fast growing, have short rotation times, and little need for fertilizers and artificial 
irrigation (26). Growing crops and plants specifically for biorefineries is highly 
efficient and delivers a relatively uniform feedstock. Still, arable land is used for their 
cultivation. To circumvent high usage of arable land many biorefinery concepts are 
designed to instead utilize agricultural and forestry waste as feedstock. Such waste 
streams are abundant, for example estimated 1.5×109 tons of crop waste are produced 
each year worldwide (30). However, the composition of these waste streams can be 
very diverse and include different plant species and plant tissues, which makes 
efficient processing a challenge. As a result, there is an ongoing need for developing 
new or modified biorefinery concepts and improving process steps. This is especially 
true regarding the breakdown of the biomass feedstock into building blocks 




The breakdown of biomass can be achieved by physio-chemical means, through 
enzymatic hydrolysis, or a combination thereof. Generally, enzymatic hydrolysis 
allows for milder process conditions, produces less side products and toxic waste 
streams, and is more specific. However, the utilization of enzymes also poses 
challenges. Enzymes are pH, temperature, pressure, and solvent sensitive. Further, 
the production of enzymes can be costly and they are often identified as one of the 
key bottlenecks in lignocellulosic biorefineries (31). Ideally, enzymes applied in 
lignocellulosic biorefineries should be produced in high yields, be storable, be highly 
active under the chosen process conditions, retain activity for the duration of the 
whole hydrolysis process, and be reusable (for example by separation from product 
stream and cycling back into the hydrolysis step). Finding enzymes fulfilling all these 
requirements is challenging, but thankfully nature offers a vast repertoire of enzymes 
that can be mined to find suitable candidates and advance our general understanding 
of enzymatic biomass degradation processes. 
In this thesis, I investigated and biochemically characterized several CAZymes 
exhibiting activity on lignocellulosic material with interesting but understudied 
properties. The CAZymes belonged to the enzyme class of carbohydrate esterases 
(CEs) and were sourced from PULs encoded in the genomes of Bacteroidetes species. 
Due to their natural habitat these bacteria have evolved highly efficient biomass 
degrading enzymes. While the initial focus of my research was to contribute to the 
understanding and application of such enzymes for example in biorefineries, the work 
with gut bacteria also entailed the potential of gaining insights that could benefit 
mammalian gut health.  
 
 
1.5. Aims of the thesis 
The overall aim of my thesis was to explore the potential of the bacterial phylum 
Bacteroidetes for the degradation of plant biomass. As Bacteroidetes is a large 
bacterial phylum the study was limited to a handful of species. Further, I define the 
biomass degradation potential of Bacteroidetes here as their CAZyme and PUL 
repertoire. While various enzymes with hydrolytic activity on plant biomass, such as 
corn cob and beechwood, were investigated in this thesis, I focused on enzymes 
belonging to carbohydrate esterase families 1 (CE1) and carbohydrate esterase family 
6 (CE6). My overall aim can be divided into more specific aims which are discussed 
below.  
PULs are gene clusters encoding the proteins needed to deconstruct specific 
polysaccharides. The xylan targeting PULs of Bacteroidetes encode many CAZymes 
targeting the xylan backbone, but only few CEs which often belong to CE1 and CE6. 
CE1 and CE6 members are little explored with regards to their role within the PUL. 
The first aim was to investigate the role of PUL encoded CEs.  
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Generally, CEs are less abundant than for example xylanases in PULs. Some PULs 
encode only a single CE or none while others encode multiple CE enzymes. The 
second aim was to investigate the occurrence of multiple CEs within the same PUL.  
An interesting feature of some PUL encoded CEs is that they consist of multiple 
catalytic domains. Multicatalytic enzymes are in general little studied and 
multicatalytic CEs had not been studied at all prior to publication of paper I. The 
third aim was to investigate PUL encoded multicatalytic CEs and find a possible 
explanation for this enzyme architecture.  
Until this point the specific aims focused on the action of CAZymes, which play a 
central role in microbial biomass degradation. In Bacteroidetes, the numerous 
CAZymes necessary to degrade a polysaccharide are often found organized into 
PULs. PUL research is frequently aggravated by the large size of PULs. The fourth 
aim of this thesis was to develop a method to transfer PULs between different species 
to expand the available genetic toolbox. In connection with this the fifth aim was to 
prove that the sole transfer of a PUL also transfers the degradation ability conferred 
by the respective PUL.  
 
 
1.6. Main points of chapter 1 
❖ Microorganisms such as Bacteroidetes evolved carbohydrate-active enzymes 
that can degrade lignocellulose. 
❖ Biorefineries enable production of energy carriers, chemicals, and materials 
from renewable feedstocks such as lignocellulosic material. 
❖ The enzymatic hydrolysis of lignocellulose is a bottleneck in biorefineries. 
❖ The main aim of this thesis was to explore the potential of the bacterial phylum 
Bacteroidetes regarding their encoded carbohydrate-active enzymes and 





2. Plant biomass is composed of a network of 
heterogenous polymers  
Plant biomass is a renewable and abundant resource that is composed of 
lignocellulose. Lignocellulose is available as agricultural waste (for example hulls 
and straw from rice, corn, wheat, sugar cane, switchgrass, sorghum) and in the form 
of wood chips and other forestry residues (for example from birch, poplar, spruce, 
pine), making it a promising feedstock for biorefineries and second generation biofuel 
production (32). As mentioned earlier, lignocellulose or lignocellulosic material are 
umbrella terms for several plant biomass derived polymers. These carbon-based 
biopolymers vary substantially in their composition, properties, and abundance and 
this multi-level heterogeneity contributes to lignocellulose being a challenging 
substrate for biorefineries (25,32).  
In this chapter, I introduce terminology frequently used when discussing 
lignocellulose. Further, the structure of lignocellulose is discussed on different levels 
including plant physiology (structure of plant cell walls) and chemical composition 
in different species (hardwoods, softwoods, and grasses). Lastly, the main polymers 
present in lignocellulose (cellulose, hemicellulose, and lignin) are described with a 
focus on the hemicellulose xylan.  
 
 
2.1. Lignocellulose is highly variable and recalcitrant towards 
degradation 
During their evolution plants have adapted to inhabit vastly different environments 
and are as a result incredibly diverse in their physiology. Classification systems for 
plants mirror this complexity of physiological traits and group species based on for 
example whether a species is vascular or non-vascular, seed- or spore producing, and 
flowering or non-flowering. Notably, all to date identified plants with potential for 
biofuel production are vascular except for algae. Describing a comprehensive 
classification of plants is beyond the scope of this thesis, but an overview of 
commonly used terms, when discussing lignocellulose as a resource, is given in Table 
1. Many of the described terms are used throughout this thesis. 
The most frequently used classification when focusing on the enzymatic degradation 
of plant biomass is the division into hardwoods, softwoods, and grasses. Although 
this classification does not originate from chemical composition, members belonging 
to the same group often share general trends, for example hardwoods contain 
relatively high amounts of xylan but little mannan, while softwoods generally contain 
more mannan than xylan (33). Still, the chemical composition of lignocellulosic 
material also depends on other factors such as species and in some cases season. 
Chapter 2  
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Moreover, when describing soft- and hardwoods, mechanical pressure can also 
influence physiology leading to the formation of compression and tension wood (34). 
Compression wood is usually high in lignin and low in cellulose and 
galactoglucomannan content. Tension wood generally contains higher amounts of 
cellulose than “normal” wood (35).  
 
Table 1: Frequently used terminology describing lignocellulosic material in the 





Woody plants have hard stems that survive above ground in 
winter. Herbaceous plants have soft stems that die back, typically 





Plants with life cycles spanning one year, two years and more 
than two years, respectively.  
Angiosperms vs 
gymnosperms 
While both are seed-bearing plants, angiosperms (also called 
flowering plants) form their seeds in the ovaries of their flowers. 
Gymnosperms (also called non-flowering plants) develop their 




Coniferous plants are a subset of gymnosperms and have needle-
or scale-like leaves. Deciduous plants shed their leaves/needles, 




Monocots and dicots are seed-bearing plants, but monocots have 
one cotyledon (embryonic leaf) and dicots have two cotyledons.  
Hardwood Hardwood is wood from dicot trees. Examples are walnut, poplar, 
birch, and beech. 
Softwood Softwood is wood from coniferous trees. Examples are pine, 
cedar, and spruce.  
Grasses Grasses are monocot flowering plants. Examples are corn, rice, 
wheat, and switchgrass.  
 
Plant cell walls make up the majority of biomass present in plants (36) and are 
composed of primary and secondary cell wall layers. The first layer, the primary cell 
wall (P1), determines the shape and size of the cell and borders the middle lamella 
which connects neighboring cells (Fig. 2). The secondary cell wall is typically 
composed of three secondary cell wall layers (S1-S3) and provides strength and 
rigidity. The S3 layer is connected to the plasma membrane. The cell wall layers vary 
in their chemical composition and their thickness. The S2 layer accounts on average 
for 80% of the cell wall biomass and is therefore the layer with the highest industrial 





Figure 2: Simplified representation of the plant cell wall anatomy. The middle 
lamella connects neighboring cells. The primary cell wall (P1) develops first and 
determines the size and shape of the growing plant cell. Secondary cell wall layers (S1-
S3) are developed later in woody plant tissue and supply rigidity, strength, and 
protection (39).  
 
 
2.2. The main building blocks of lignocellulose are cellulose, 
hemicellulose, and lignin 
The main constituents of secondary plant cell walls are cellulose, hemicellulose, and 
lignin. Cellulose is often organized into microfibrils that are embedded into a matrix 
of hemicellulose and lignin (40). The composition of lignocellulose from beech, 
spruce, and corn cob is shown as examples for hardwood, softwood, and grasses, 
respectively, in Fig. 3 (41).  
The composition of lignocellulose varies with species but follows a few general 
trends. Firstly, cellulose is usually the most abundant polymer in lignocellulose. 
Secondly, the lignin content is generally highest in softwoods, followed by 
hardwoods and grasses. Thirdly, lignin content varies widely with species, especially 
in grasses. For instance, corn cob and tobacco leaf have relatively low lignin contents 
(15% each), while wheat straw and switchgrass have lignin contents similar to that of 
the softwood species spruce (21%) (41,42).  
 




Figure 3: Cellulose, hemicellulose and lignin composition of beech, spruce, and 
corn cob. Presented values are based on Demirbaş et al. (41). While lignocellulose 
composition varies with species, the lignin content of softwoods is usually higher than 




Cellulose is a linear polysaccharide consisting of glucose units that are linked via β-
1,4-glycosidic linkages. Glycosidic bonds are covalent linkages that join the 
anomeric carbon in carbohydrates to other compounds, such as hydroxyl groups of 
other carbohydrates or alcohols. The smallest repeating unit of cellulose is cellobiose, 
which is composed of two glucose units with the second glucose moiety axially 
rotated by 180°. The degree of polymerization depends on the species and the 
treatment method used for extraction (43). Plant biomass is often pretreated to 
facilitate subsequent enzymatic hydrolysis. For example, the degree of 
polymerization of cellulose in corn stover can range from 7,000 repeating units for 
ammonia fiber expansion pretreatment to 2,700 repeating units for pretreatment with 
dilute acid (44,45).  
The glucose units of neighboring cellulose polymers can form hydrogen bonds 
between their hydroxyl groups, resulting in the formation of microfibrils, which 
provide strength to the plant cell wall. Regions in microfibrils can either have a high 
or low degree of order, resulting in crystalline or amorphous regions, respectively 
(33,46). While highly crystalline regions are especially challenging for enzymatic 
breakdown, enzymes called lytic polysaccharide monooxygenases (LPMOs) can 







The term hemicellulose describes a range of different heteropolymers, which can vary 
substantially in chemical composition and type of glycosidic bonds. The 
hemicellulose backbone can consist of different monosaccharides, such as xylose, 
glucose, mannose, arabinose, rhamnose, glucuronic acid, fucose, and galactose (48). 
Hemicelluloses are usually named after the most abundant monosaccharide building 
blocks present. For instance, xyloglucan consists mainly of xylose and glucose. While 
highly diverse, hemicelluloses can be divided into four groups (24):  
❖ Xylans: Xylans are the most common hemicelluloses (49) and the third most 
abundant polymer on earth after cellulose and chitin (50,51). In this thesis, 
xylan rich biomass in the form of corn cob and Japanese beechwood was used 
in enzymatic assays to determine the activity of different CEs (papers I - III), 
and a more detailed description of xylan can be found in chapter 2 section 3.  
❖ Mannans: The backbone of mannans consists either of β-1,4-linked mannose 
(galactomannans, linear mannan) or both mannose and glucose moieties 
(glucomannans). While linear mannan (from ivory nut) has no decorations, 
galactose units are linked to the mannose moieties of the galactomannan and 
glucomannan backbone via α-1,6 glycosidic bonds. The amount of galactose 
present governs solubility and its distribution pattern influences properties like 
viscosity (24,52). Galactoglucomannans combine structural motifs of 
galactomannans and glucomannans. They are the main hemicellulose present 
in the secondary cell wall of softwoods and can be found in lower abundance 
in the primary cell wall of hardwoods and grasses (49). Galactoglucomannan 
can be acetylated (53). 
❖ Xyloglucans: The backbone of xyloglucan consists, similar to cellulose, of β-
1,4-linked glucose units. Contrary to cellulose, the glucan backbone in 
xyloglucan has repeating patterns of α-1,6 linked xylose moieties attached to 
it, typically resulting in 3 out of 4 glucose moieties of the backbone being 
linked to xylose. Additional sugars can be attached to these xylose units, and 
their identity depends on the xyloglucan source and influences the 
physiochemical properties of the polymer. For instance, in tamarind seeds 
galactose is linked via β-1,2 glycosidic bonds to xylose moieties giving 
tamarind xyloglucan its gelling properties (54,55). Xyloglucan is found mainly 
in the primary cell wall and in some seeds (56,57).  
❖ Mixed-linkage β-glucans (MLGs): Similar to cellulose the backbone of 
MLG consists of β-1,4 linked glucose units, but unlike cellulose also contains 
β-1,3 glycosidic bonds resulting in a non-linear structure (24). The ratio of β-
1,3 and β-1,4 linkages varies. For barley very different β-1,3: β-1,4 ratios have 
been reported (58,59). MLG is most abundant in grasses such as cereals (60) 
and does not form branches (24) 
As mentioned the abundance of these different kinds of hemicellulose depends on 
species and tissue. Within the lignocellulose matrix, hemicelluloses form hydrogen 
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bonds with cellulose (61), surround cellulose microfibrils, and can be covalently 
linked to lignin (48), thus strengthening the plant cell wall. 
 
Lignin  
Lignin is an aromatic polymer consisting of relatively randomly distributed units of 
monolignols, covalently linked through radical coupling mechanisms. The three most 
abundant monolignols present in lignin are p-coumaryl alcohol, coniferyl alcohol and 
sinapyl alcohol. Coniferyl aldehyde is predominant in softwood (95%), while 
hardwood usually contains a mixture of coniferyl aldehyde and sinapyl aldehyde (26). 
In grasses sinapyl, coniferyl, and p-coumaryl aldehyde are most abundant (62). A 
multitude of linkages are present in lignin, but in softwoods and hardwoods, the β-O-
4 ether bond is predominant (26). Overall, lignin forms a three-dimensional network 
around hemicelluloses and cellulose that contributes to cell wall rigidity and provides 
water-resistance as well as protection against microbial degradation to the cell wall 
(63).  
Lignin can be covalently linked to hemicelluloses and cellulose forming so-called 
lignin-carbohydrate complexes (LCC). So far, eight different types of lignin-
carbohydrate bonds have been identified (64). In herbaceous plants ferulate and 
diferulate esters forming linkages to lignin are most abundant (65). To date, not much 
is known about the occurrence of ferulate linkages in woody biomass, but their 
presence has been reported in the bark of softwoods (64,66,67). The hemicellulose 
glucuronoarabinoxylan is known to form LCCs via ferulic acid and glucuronic acid 
groups (68). 
 
Other components of lignocellulose 
Besides cellulose, hemicellulose, and lignin, other components are also present in 
lignocellulose, but in much lower abundance. Such components are pectins, lipids, 
proteins, extractives, and ash (26,32). Pectins are typically charged polysaccharides 
enriched in α-1,4-linked galacturonic acid units, but also contain other linkages and 
monosaccharide types. Pectins function as hydrating agents and “glue” in the 
lignocellulose network (69,70). Extractives are compounds that can be extracted from 
lignocellulose by various polar or non-polar solvents and include terpenes, resins, and 
tannins (26). Extractives have been shown to possess antimicrobial activity and likely 






2.3. The three main classes of xylan are glucuronoxylan, 
arabinoxylan, and glucuronoarabinoxylan 
Xylan is extremely diverse in sugar composition and glycosidic linkage types. 
Complete enzymatic hydrolysis of xylan consequently requires a host of different 
enzyme activities. The woody tissue of dicots and the lignified tissue of monocots 
may contain 25-35% xylan, with seeds and cereal grains reaching up to 50% (72). 
The backbone of xylan consists of β-1,4-linked xylose units which are decorated with 
different carbohydrate and non-carbohydrate groups. These decorations determine 
the three major classes of xylan: glucuronoxylan (GX), arabinoxylan (AX), and 
glucuronoarabinoxylan (GAX; Fig. 4).  
In addition to the xylan backbone, GX contains 4-O-methyl D-glucuronic acid units 
that are found α-1,2-linked to the xylose units in the main chain (73,74). AX contains 
L-arabinofuranose moieties that are attached via α-1,2- and α-1,3-linkages to the 
xylan backbone (75,76). GAX is the most complex class of xylan and includes several 
decorations on the backbone such as α-1,2-linked 4-O-methyl D-glucuronic acid, α-
1,3-linked L-arabinose, and α-1,2-, α-1,3- and β-1,3-linked xylose. Arabinose 
moieties in GAX can be further linked to D-xylose and L-galactose or via ferulic acid 
to other GAX chains or lignin (68,77,78). LCCs can also be formed between 
glucuronic acid and lignin (79). The numerous different linkages present in GAX 
make it an especially challenging substrate for degradation processes involving 
enzymatic hydrolysis.  
Most polymers in the plant cell wall stick together non-covalently and covalent bonds 
between for example hemicellulose and lignin are comparatively rare. Still, the 
previously described cross-linking in LCCs, for example via feruloyl groups and 
glucuronic acid, make such covalent bonds important targets for enzymatic 
degradation of lignocellulose for disentangling of the complex lignocellulose matrix. 
Enzymes with the potential of cleaving ferulate esters and a putative glucuronoyl 
esterase possibly targeting glucuronic acid-lignin linkages were investiged in papers 
I – III and chapter 3. 
Another type of non-carbohydrate xylan decorations is acetylation. Acetyl groups can 
impede the action of xylan degrading enzymes and are common in GX and GAX at 
the C2 and/or C3 position of xylose. In GX 70-80% of xylose units can be O-
acetylated (80). GAX from bagasse and wheat have been shown to contain acetyl 
groups on 30 % and 10 % of their xylose units, respectively. In these two 
lignocellulose sources the C3 position was more often acetylated than the C2 position, 
while simultaneous acetylation on both positions (C2 and C3) was quite rare (81). 
Enzymes acting on acetylated xylan are described in more detail in chapter 3 and 
were also investigated in papers I & II. 
 
 



















































































































































































































































































































































































Besides GX, AX, and GAX, two additional terms for xylan are sometimes used: 
homoxylans and heteroxylans. Homoxylans are non-branched polysaccharides with 
a backbone consisting of only β-1,3 or β-1,4 linked xylose units or both, and are found 
in red and green algae in which they substitute cellulose in the cell wall (24). 
Heteroxylans contain the for xylan typical β-1,4 linked xylose backbone and are 
heavily substituted with oligosaccharide side-chains making them highly viscous. 
Heteroxylans have been isolated from cereal bran, seeds, and mucilages (49).  
 
 
2.4. Xylan is an abundant but challenging substrate  
Xylan is an attractive substrate for saccharification processes and polymer production 
due to its abundance. Xylan sources are available in the form of forestry products 
(hardwood, softwood), forestry waste (shrubs, branch tips, foliage), and crop side 
products or waste streams. Examples for crop side products rich in xylan are wheat 
straw (82), sunflower hulls (83), corn cob (84), olive pulp (85), and corn hulls/bran 
(86). The abundance of the different classes of xylan varies in these sources, but in 
general GAX is the most abundant xylan class in grasses, while GX is the most 
abundant class in hardwood. In softwoods xylan only constitutes 5-10% of dry 
biomass with the most abundant xylan being arabino-4-O-methyl glucuronoxylan 
(similar to GAX but with less arabinose). The main hemicellulose in softwood is 
acetylated galactoglucomannan with amounts ranging between 20 and 25 % 
(33,87,88).  
Still, for the efficient utilization of xylan major obstacles have to be overcome as 
xylan and in a broader sense lignocellulose are very difficult substrates to degrade. 
This recalcitrance towards hydrolysis is rooted in the layered structure of the plant 
cell wall and the complex polymer network forming these layers. The entanglement 
of cellulose, hemicellulose, and lignin and the diversity within these polymers in 
composition, linkages, and decorations demand the action of many enzymatic 
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2.5. Main points of chapter 2 
❖ Lignocellulose is composed of various heterogenous polymers forming a 
complex matrix.  
❖ The heterogeneity of its components and their physical arrangement contribute 
to the recalcitrance of lignocellulose towards degradation. 
❖ The main building blocks of lignocellulose are cellulose, hemicellulose, and 
lignin and their abundances vary among species. 
❖ Hemicellulose is an umbrella term for several heteropolymers of which xylan 
is the most abundant in many industrially relevant species.  
❖ Based on the presence or absence of certain carbohydrate and non-
carbohydrate decorations on the xylan backbone, three classes of xylan are 
distinguished: glucuronoxylan, arabinoxylan, and glucuronoarabinoxylan. 
❖ Due to its various decorations, glucuronoarabinoxylan is the xylan class that 






















3. The enzymatic degradation of xylan requires a 
multitude of specialized carbohydrate-active 
enzymes 
As established in the previous chapter, xylan has an highly complex structure and 
consists of a plethora of carbohydrate and non-carbohydrate moieties that are 
connected via diverse linkages. This structural complexity of xylan aggravates its 
enzymatic degradation in several ways. For one, motifs or linkages might be 
physically obstructed by other structural motifs, thus limiting enzyme access. 
Secondly, the variety of linkages and chemical groups within the xylan structure 
requires a multitude of enzymes with specialized activities, which further have to act 
in concert to achieve full degradation.  
Enzymes acting on xylan, and more widely on carbohydrates in general, are called 
CAZymes and are discussed in this chapter. The structural diversity of carbohydrates 
is mirrored in the diversity of CAZymes. After giving a brief overview over 
CAZymes, I discuss the action of selected GHs as these enzymes work in conjunction 
with CEs, which are the focal point of this chapter. CEs are themselves very diverse 
and I focus on CEs that were characterized as part of this thesis (belonging to CE1, 
CE6, and CE15). Many of the here discussed CEs are comprised of multiple catalytic 
domains, an enzymatic architecture referred to as “multicatalytic”, which has 
previously been little described in literature (Fig. 5). The investigated CEs were also 
encoded in PULs, a factor which is discussed in chapter 4.  
 
 
Figure 5: Enzyme architecture of multicatalytic enzymes. Multicatalytic enzymes 
are composed of multiple domains with distinct catalytic functions, whereas multidomain 
enzymes only harbor one catalytic domain but have additional non-catalytic domains. 
The different domains in multicatalytic and multidomain enzymes can be connected by 







3.1. Carbohydrate-active enzymes are numerous and highly 
diverse  
As their name implies, CAZymes act on carbohydrates and are as such crucial in both 
the enzymatic build-up and degradation of polysaccharides, which are for example 
found in lignocellulose. Accordingly, the investigation of CAZymes has implications 
for processes in which lignocellulose is enzymatically degraded, including industrial 
biomass valorisation processes, gut health, and carbon cycling in ecosystems.  
Due to their great importance thousands of CAZymes have been researched to date 
and it has been shown that these enzymes are highly specific and highly diverse. 
CAZyme data is collected in various online databases. For my thesis I often utilized 
the Carbohydrate-Active enZYmes database (CAZy; www.cazy.org; (89)). CAZy 
collects genomic and biochemical data of CAZymes and is linked to other databases 
such as the Protein Data Bank (PDB; https://www.rcsb.org; (90)), in which structural 
data are collected. Contrary to the enzyme commission number system, where 
classification is based on substrate specificity, enzymes listed on CAZy are classified 
based on amino acid sequence similarity. Generally, high sequence similarity implies 
similar protein folds and similar enzyme activity (89). In other words, enzymes with 
high sequence similarity often target the same or similar bonds. This allows for the 
activity prediction of unknown enzymes based on sequence similarity to previously 
biochemically characterized enzymes. Due to recent advances in genome sequencing, 
sequencing data is much more readily available than biochemical characterization 
data of enzymes. As a result, CAZy offers the classification of thousands of 
CAZymes into classes, families, and subfamilies without requiring in-depth 
biochemical characterization of each of them (Table 2). Still, biochemical 
characterization of enzymes remains crucial, especially for enzyme families that are 
not well studied, such as the CE families investigated in this thesis.  
 
Table 2: The five classes of CAZymes in CAZy.  
CAZyme class Activity  Enzyme families within 
the CAZyme class 
Glycoside hydrolases* Hydrolyze glycosidic bonds. 171 
Glycosyltransferases Form glycosidic bonds. 114 





Carbohydrate esterases Hydrolyze carbohydrate ester 
linkages. 
19 
Auxiliary activities Catalyze redox reactions on 
carbohydrates. 
17 
The presented information was obtained from CAZy (accessed July 2021; (89)). All 
CAZyme classes are ordered into families based on sequence similarity. CAZyme 





3.2. Glycoside hydrolases target glycosidic bonds in xylan 
Glycoside hydrolases (GHs) cleave glycosidic linkages and act on xylan on both the 
sugar backbone and sugar side chains. Depending on their activity, GHs cleave either 
between carbohydrate moieties or between carbohydrate moieties and non-
carbohydrate decorations (91). The diversity of these linkages is mirrored in the 
diversity of GHs with 171 GH families listed in CAZy to date, many of which are 
polyspecific ((89); accessed July 2021). 
An example of a polyspecific GH family is family 11 (GH11). Members of GH11 
have been shown to possess endo-β-1,4-xylanase or exo-β-1,4-xylosidase activity 
(89). In my thesis work, I used Xyn11A, a commercially available GH11 endo-β-1,4-
xylanase from the anaerobic fungus Neocallimastix patriciarum in xylanase boosting 
experiments (papers I - III). The boosting experiments served as a measurement for 
CE activity and are discussed in more detail in chapter 3 section 5. As typical for 
endo-acting enzymes, Xyn11A cleaves linkages “within” the polysaccharide 
backbone and produces oligosaccharides of varying lengths as a result. In contrast, 
exo-acting enzymes such as exo-β-1,4-xylosidases attack linkages at the non-reducing 
end of the polysaccharide, releasing monosaccharides in a successive manner (92,93).  
Reducing-end-xylose releasing exo-oligoxylanase (Rex) enzymes are another 
example for exo-acting GHs. Rex enzymes target linkages at the reducing end of 
xylooligosaccharides (XOs) while showing no or minimal activity on xylan (94). 
Only a handful of enzymes with Rex activity have been discovered and described to 
date and all of them have been categorized into GH8 ((94-96); paper III). In this 
thesis, I investigated a multicatalytic Rex enzyme encoded by B. eggerthii (BeRex8A; 
paper III). The supplementation of Xyn11A with BeRex8A led to increased xylan 
hydrolysis of GAX rich corn cob biomass, likely due to the complementary action of 
endo- (Xyn11A) and exo-acting (BeRex8A) enzymes (Fig. 6).  
Interestingly, xylanases and Rex enzymes are very similar in amino acid sequence to 
the extent that Rex form a branch within the xylanase clade of characterized GH8 
members. Both endo-xylanases and Rex enzymes possess the same glutamate-
aspartate-aspartate catalytic triad ((96); paper III). It has been hypothesized that the 
differing substrate specificities of xylanases and Rex are the result of obstruction of 
the active site cleft in Rex ((97); paper III). In PbRex8A, a Rex encoded by 
Paenibacillus barcinonensis BP-23, a Leu320-His321-Pro322 loop close to the active 
site was suggested to be responsible for the enzyme’s preference for XOs (98). 
Similarly, in BeRex8A an arginine residue was hypothesized to obstruct part of the 
active domain, possibly restricting access to smaller XOs with no decorations or side 
groups (paper III). However, when creating enzyme variants in which the loop size 
of PbRex8A was reduced and the arginine residue in BeRex8A was replaced by a 
smaller alanine residue, no activity was observed on xylan akin to the wild type 
versions ((98); paper III). It remains unclear if all Rex share a specific structural 




biochemical characterization, and especially structural elucidation, of more Rex 
enzymes could help solve this puzzle. 
 
 
Figure 6: Xylooligosaccharide production profiles from corn cob biomass 
hydrolysis by Xyn11A supplemented with different enzyme constructs from 
B. eggerthii. The figure was adapted from paper III. When Xyn11A (endo-β-1,4-
xylanase from N. patriciarum) was supplemented with a Rex in the form of BeRex8A, 
BeCE15A-Rex8A or an equimolar mix of BeCE15A and BeRex8A xylan hydrolysis was 
increased. Concentrations of X1 (xylose), X2 (xylobiose), X3 (xylotriose), X4 
(xylotetraose), X5 (xylopentaose), and X6 (xylohexaose) were measured after 30 h of 
incubation using high-performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD). Data are presented as average of three 









3.3. Carbohydrate esterases target ester-linked xylan decorations 
As GHs cleave the carbohydrate backbone and side chains of polysaccharides, 
members of this enzyme class are of central importance for the degradation of xylans. 
Generally, many different CAZymes work in concert to reach complete degradation 
of xylan, especially in the case of the complex GAX. Here, CEs facilitate GH activity 
by cleaving non-carbohydrate decorations from the xylan backbone, thus increasing 
accessibility for GHs (Fig. 7). Examples for xylan decorations targeted by CEs are 
ester-linked acetic acid (acetylation), ferulic acid (feruloylation), and glucuronic acid 
(99). In the next sections of this chapter, I discuss examples of CEs targeting each of 

















































































































































































































































































































































































3.4. Enzymes belonging to carbohydrate esterase family 15 show 
varying glucuronoyl esterases activities 
Glucuronoyl esterases (GEs) are CEs that target the ester linkage between (xylan-
bound) glucuronic acid and lignin (Fig. 7). In chapter 3 section 2, I described the Rex 
enzyme BeRex8A of B. eggerthii. BeRex8A is the C-terminal domain of the 
multicatalytic BeCE15A-Rex8A enzyme (Fig. 8). The N-terminal domain of 
BeCE15A-Rex8A was predicted to be a CE15 domain (BeCE15A). All to date 
characterized CE15 enzymes have been categorized as GEs (89). 
 
 
Figure 8: Enzyme architecture of the multicatalytic BeCE15A-Rex8A. The figure 
was adapted from paper III. BeCE15A-Rex8A (locus tag HMPREF1016_02164) is 
encoded by B. eggerthii and its domains are drawn to scale: signal peptide (black), 
CE15 (teal), and GH8 (light pink).  
 
BeCE15A showed only minor activity on GE model substrates compared to 
previously studied GEs (paper III). In general, model substrates are useful for 
establishing enzyme activities for uncharacterized enzymes, as well as for comparing 
activities to identify promising candidates for further investigation/application. 
However, model substrates often only model part of the native substrate of the 
enzyme. The low activity of BeCE15A on the here tested GE model substrates 
indicates that the enzyme either targets a linkage different to many other characterized 
GEs or that the tested model substrates did not mimic the linkage targeted by the 
enzyme sufficiently. 
Interestingly, while the observed activity of BeCE15A on GE model substrates was 
much lower than for most other characterized GEs, it was similar to that of the 
previously characterized OtCE15B from the soil bacterium Opitutus terrae (100). 
BeCE15A and OtCE15B share an amino acid substitution of the arginine residue 
close to the catalytic serine that is found conserved in other GE enzymes (Fig. 9). 
This arginine residue is hypothesized to contribute in forming the oxyanion hole in 
the active site and stabilizing the transition state during catalysis (100-102). In 
BeCE15A the residue is instead a non-polar phenylalanine residue and in OtCE15B 
a tyrosine residue is found in the equivalent position (100). Creation of enzyme 
variants of BeCE15A in which the phenylalanine was replaced with arginine (F231R) 
and tyrosine (F231Y) did not improve activity on GE model substrates but instead 




the activity and sequence discrepancies of BeCE15A and OtCE15B cannot be fully 
explained, but more research for instance in the form of structural studies of many 
more GE members might elucidate whether these enzymes have a different role in 
biomass turnover to classical GEs and if activities present in CE15 members are more 
diverse than currently known.  
 
 
Figure 9: Sequence-based alignment of BeCE15A showing the region of the 
catalytic serine and the neighboring phenylalanine residue. The figure was 
adapted from paper III. The secondary structural elements of OtCE15A (101), a 
glucuronoyl esterase from Opitutus terrae with published structure (PDB accession 
6SYU) served as template. The catalytic serine is marked with a white arrow, the usually 
conserved arginine residue that is substituted in BeCE15A with phenylalanine and in 
OtCE15B with tyrosine is marked by a black arrow.  
 
 
3.5. Enzymes belonging to carbohydrate esterase family 6 target 
acetyl groups  
To date, all CE6 members listed on CAZy have been characterized as acetyl xylan 
esterases (AXEs), which are enzymes cleaving acetate groups from the xylan 
backbone (89). Acetylation is a common decoration in xylan and as such it is no 
surprise that CE6 enzymes are encoded in the genomes of various bacteria and 
eukaryotes, including the fungus N. patriciarum (103). Still, not many CE6 enzymes 
have been biochemically characterized and only one structure has been published to 
date (104). The published structure originates from At4g34215 which is encoded by 
the eudicot plant Arabidopsis thaliana and has a low sequence similarity to the CE6 
enzymes investigated here. In this thesis, I contribute to our understanding of CE6 
enzymes with the biochemical characterization of three CE6 domains originating 
from different Bacteroidetes species: BoCE6, FjCE6, and DmCE6A. BoCE6 and 
FjCE6 are part of multicatalytic enzymes encoded by B. ovatus and F. johnsoniae, 































































































































































































































































































































































































The enzymes BoCE6, FjCE6, and DmCE6A all harbored the typical serine-histidine-
aspartate catalytic triad and were active on model substrates routinely used to test for 
acetyl esterase activity (p-nitrophenyl acetate, pNP-Ac; 4-methylumbelliferyl 
acetate, 4-MU-Ac). Comparison of DmCE6A to BoCE6 and FjCE6 revealed a 
superior activity on 4-MU-Ac with a 30,000-fold higher catalytic efficiency (kcat/KM) 
(Table 3, papers I & II). This superior catalytic efficiency of DmCE6A over BoCE6 
and FjCE6 can be largely attributed to a four orders of magnitude higher turnover 
number (kcat). The KM of DmCE6A on 4-MU-Ac was 15- and 19-fold lower than those 
previously reported for acetyl xylan esterase I and II from Thermoanaerobacterium 
sp. strain JW/SL-YS485, respectively (105). The catalytic efficiency of TmAxeA, an 
AXE encoded by the hyperthermophilic bacterium Thermotoga maritima, on pNP-
Ac was with 580 s-1mM-1 comparable to that of DmCE6A (106). The KM and kcat of 
TmAxeA were reported with 0.12 mM and 70 s-1, respectively. Both TmAxeA and 
DmCE6A seem to be exceptionally active on pNP-Ac compared to other 
characterized AXE enzymes. For example, they both have much lower KM values on 
pNP-Ac than OAxeA from Orpinomyces sp. strain PC-2 (KM of 0.9 mM; (107)) and 
higher turnover numbers than reported for BD-FAE, a multicatalytic CE isolated 
from a metagenome sample (kcat value of 0.89 s-1; (108)). As mentioned earlier, model 
substrates are useful for initial activity screens, but have a limited ability to simulate 
native substrates. For instance, pNP-Ac and 4-MU-Ac only model the ester-linked 
acetate group but not an attached glycan moiety. Structural motifs surrounding the 
enzymatically targeted bond can play an important role in target recognition but can 
also hamper access of the enzyme. As a result, the observed high activity of DmCE6A 
on model substrates might not translate to high activity on more natural substrates.  
For this reason, BoCE6, FjCE6, and DmCE6A were also tested on ball-milled corn 
cob biomass. Corn cob biomass is rich in GAX (109) and the xylose moieties in GAX 
can by acetylated at the C2 and C3 positions (110,111). AXE activity can be measured 
using different methods. In this thesis, I mainly chose to monitor the activity of 
BoCE6, FjCE6, and DmCE6A by comparing their abilities to boost the xylanase 
activity of Xyn11A (papers I & II). While AXE activity is measured indirectly using 
this approach, it allows for a setup that is more similar to the native environment of 
these enzymes, in which they act in concert with other CAZymes. BoCE6, FjCE6, 
and DmCE6A were able to boost the xylanase activity of Xyn11A on corn cob 
biomass. BoCE6 boosted xylanase activity 1.4-fold, FjCE6 1.4-fold, and DmCE6A 
2.8-fold, respectively (Fig. 11 A-C). DmCE6A yielded the highest boost in xylanase 
activity, which is in agreement with the high activity that was observed for DmCE6A 
on AXE model substrates.  
Acetylation is also common in GX, which can be found in abundance in hardwoods 
such as beechwood (112). Japanese beechwood biomass was used as native substrate 
in additional Xyn11A boosting studies with FjCE6 (paper I). In these experiments, 




Table 3: Kinetic parameters of investigated CE1 and CE6 enzymes. The enzymes 
are encoded by F. johnsoniae, B. ovatus, and D. mossii. The presented data was taken 
from papers I & II.  
Enzyme Substrate KM (mM) kcat (s-1) kcat/KM (s-1 mM-1) 
FjCE6 pNP-Ac 6.9 ± 2.5 57 ± 12 8.3 ± 3.5 
 4-MU-Ac 0.15 ± 0.02 6.7 ± 0.2 43.4 ± 4.4 
FjCE1 pNP-Ac 0.95 ± 0.14 5.6 ± 0.3 5.9 ± 0.9 
 4-MU-Ac 0.07 ± 0.01 0.61 ± 0.03 8.7 ± 1.7 
 MFA 0.11 ± 0.02 2.5 ± 0.2 23.1 ± 4.5 
 MSA 0.14 ± 0.02 1.8 ± 0.1 13.0 ± 2.2 
 MCA 0.34 ± 0.10 0.83 ± 0.14 2.7 ± 1.0 
 MpCA 0.39 ± 0.12 1.5 ± 0.3 3.9 ± 1.4 
BoCE6 pNP-Ac 1.8 ± 0.2 36.0 ± 2.2 20.1 ± 2.7 
 4-MU-Ac 0.027 ± 0.006 1.2 ± 0.1 42.8 ± 10.0 
BoCE1 pNP-Ac 1.4 ± 0.1 0.70 ± 0.02 0.50 ± 0.04 
 4-MU-Ac 0.04 ± 0.01 0.28 ± 0.01 7.1 ± 1.6 
 MFA not saturable up to 0.3 mM 0.011 ± 3×10-4 
 MSA not saturable up to 0.3 mM 0.043 ± 0.017 
DmCE1A pNP-Ac 4.4 ± 0.67 1.03 ± 0.07 0.23 ± 0.04 
 4-MU-Ac 0.55 ± 0.06 38.6 ± 1.26 70 ± 8 
 MFA not saturable up to 0.4 mM 0.12 ± 0.007 
 MSA 0.18 ± 0.04 0.13 ± 0.01 0.70 ± 0.2 
DmCE1B pNP-Ac 3.5 ± 0.70 12.92 ± 1.1 3.7 ± 0.81 
 4-MU-Ac 0.37 ± 0.06 870 ± 3 2300 ± 400 
 MFA not saturable up to 0.4 mM 5.0 ± 0.35 
 MSA 0.36 ± 0.10 5.0 ± 0.83 14 ± 4.5 
 MpCA not saturable up to 0.4 mM 0.59 ± 0.02 
DmCE1B_nt pNP-Ac 1.2 ± 0.24 6.0 ± 0.40 5.1 ± 1.1 
 4-MU-Ac 0.30 ± 0.04 630 ± 22 2100 ± 300 
 MFA 0.16 ± 0.03 1.8 ± 0.13 11 ± 2.0 
 MSA 0.29 ± 0.07 2.7 ± 0.34 9.2 ± 2.4 
 MpCA 0.31 ± 0.09 0.61 ± 0.10 2.0 ± 0.7 
DmCE1B_ct pNP-Ac 3.8 ± 0.77 0.15 ± 0.0015 0.041 ± 0.009 
 4-MU-Ac 0.42 ± 0.10 11 ± 0.71 26 ± 6.6 
DmCE6A pNP-Ac 0.18 ± 0.01 59 ± 0.87 320 ± 20 
 4-MU-Ac 0.029 ± 0.003 38 ×103 ± 1200 1.3×106 ± 2×105 
All enzyme constructs were assayed on the full range of acetyl- and feruloyl esterase 
substrates (pNP-Ac, 4-MU-Ac, MFA, MSA, MCA, and MpCA), but kinetic parameters 
are only given where activity could be detected and was possible to measure. The data 
represent the average of three replicates with standard errors of the mean. Data were 
fitted to the Michaelis-Menten equation using OriginPro software. The catalytic 
efficiency (kcat/KM) was determined using linear regression for reactions that could not 








Xyn11A up to 20-fold (Fig 11 D). The observed minimal activity of Xyn11A when 
FjCE6 was not present indicates that the xylan in Japanese beechwood is heavily 
decorated with acetyl groups, thus prohibiting substrate access for the xylanase.  
The activity profiles of the here investigated CE6 enzymes on model and native 
substrates illustrate for one the diversity in activity within this enzyme family in AXE 
activity. Secondly, the presented data also shows the potential for enzyme discovery 
in environments where biomass is actively decomposed. Enzymes like BoCE6, 
DmCE6A (both encoded by gut Bacteroidetes species), and FjCE6 (encoded by a soil 
Bacteroidetes species) can advance our understanding on how biomass is 
enzymatically degraded on a basic research level. These enzymes could further find 
application in industrial enzyme cocktails tailored for the degradation of biomass rich 
in complex xylan. 
 
 
Figure 11: Effect of CE6 supplementation on xylanase hydrolysis activity. Data 
was taken from papers I &II. The endo-β-1,4-xylanase Xyn11A (light pink) was 
supplemented with different carbohydrate esterases (blue) during incubation on corn 
cob biomass: (A) FjCE6, (B) BoCE6, and (C) DmCE6A. (D) Xyn11A was supplemented 
with FjCE6 on Japanese beechwood biomass. The amount of reducing sugar (RS) 
equivalents released over time was used to quantify xylan hydrolysis. Data are 




3.6. Enzymes belonging to carbohydrate esterase family 1 can 
target both acetyl and feruloyl groups 
Among CE families, CE1 harbors the most diverse activity portfolio with in total 
seven distinct enzyme activities. This diversity suggests that enzymes of CE1 play 
various roles during biomass degradation. The two most relevant activities in CE1 
for xylan degradation are AXE and feruloyl esterase (FAE) activity (89) and the 
enzymes investigated in this thesis were screened for both of these activities.  
FAEs are known to target feruloyl esters in GAX (Figure 7), which are found in 
commelinid monocots (68,77). The amount of ferulic acid present in GAX is 
moderate with for example up to 3% of the dry weight in corn bran (113). However, 
as mentioned before ferulic acid moieties can form covalent linkages to lignin, which 
are important targets for loosening up the complex lignocellulose matrix. As lignin is 
highly heterogenous the enzymatically recognized motifs, including the ferulic acid 
ester linkages to lignin, are likely also very heterogenous and thus many specialized 
FAEs may be required to degrade the totality of these linkages. This hypothesis is a 
possible explanation for the diversity in activity present among FAEs, which was also 
observed for CE1 enzymes characterized in this thesis.  
Overall, five distinct CE1 domains were characterized, four of which were part of 
three multicatalytic enzymes (FjCE6-CE1, BoCE6-CE1, and DmCE1B; Fig. 10). 
DmCE1B contains an N- and a C-terminal CE1 domain, which are designated as 
DmCE1B_nt and DmCE1B_ct, respectively. DmCE1A was the only CE1 enzyme 
that was not multicatalytic, but contained besides the CE1 domain also a possible 
carbohydrate-binding module (CBM) domain.  
FjCE1, BoCE1, DmCE1A, DmCE1B_nt, and DmCE1B_ct showed moderate to 
minor activity on pNP-Ac and 4-MU-Ac, with activities on 4-MU-Ac being generally 
more pronounced (Table 3, papers I & II). The activity profiles on the FAE model 
substrates (methyl ferulate, MFA; methyl sinapate, MSA; methyl caffeate, MCA; 
methyl p-coumarate, MpCA) were distinct and considerable compared to AXE 
activities. Interestingly, BoCE1 and DmCE1A had similar activity profiles, being 
only active on MFA and MSA with a slight preference for MSA. This observation 
coincides with both enzymes harboring a serine-histidine-glutamate catalytic triad. 
Contrary to this, FjCE1 and DmCE1B_nt were active on MFA, MSA, MpCA and in 
the case of FjCE1 also on MCA (FAE model substrates are mentioned is descending 
order of activity), while harboring a serine-histidine-aspartate catalytic triad, which 
is also common in serine proteases and lipases (114). Catalytic dyads (serine-
histidine) have also been reported for CEs but are limited to CE2 (103,115,116). The 
correlation of catalytic triad residues and preference for FAE model substrates may 
be a coincidence and in-depth structural investigations would be necessary to evaluate 




DmCE1B_ct was an outlier among the tested CE1 enzymes as it was not active on 
any FAE model substrates (Table 3, paper II). Moreover, DmCE1B_ct showed only 
minor activity on the AXE model substrates. Paper II however presents the 
successfully solved crystal structure of DmCE1B_ct, which consists of one CE1 
domain appended to one CBM domain (Fig. 12 A).  
 
Figure 12: Structure of DmCE1B_ct. The figure was adapted from paper II. (A) The 
overall structure of the proposed dimeric biological unit of DmCE1B_ct with one 
monomer shown in gray, the other monomer colored in green (CBM domain) and yellow 
(CE1 domain), and the linker region connecting the CBM and CE1 domains shown in 
red. The glutamic acid, histidine, and serine residues of the catalytic triad are colored 
in magenta and the chloride ion found in the active site of one of the protomers is shown 
as a green sphere. (B) Close-up view of the active site of DmCE1B_ct with marked 




While the crystal structure suggests that DmCE1B_ct forms dimers, it remains 
unclear if this is also the case under physiological conditions and influences xylan 
degradation. The structure of DmCE1B_ct revealed the presence of a flexible loop 
close to the active site similar to the previously described wtsFae1A and wtsFae1B, 
which might promote substrate binding (117). However, not all of the residues of the 
flexible loop could be resolved in DmCE1B_ct (Fig. 12 B). In AmFae1A and BiFae1A 
a β-clamp has been found capping the active site and has been associated with a 
preference for single feruloyl moieties over diferulate esters (118,119). Diferulate 
crosslinks can join neighboring feruloylated GAX chains and thus create recalcitrant 
matrices (78). A similar β-clamp was not present in DmCE1B_ct. While the native 
target of DmCE1B_ct remains elusive the presented structure might help future 
studies to elucidate its true substrate.  
 
 
3.7. Multicatalytic enzymes can benefit from intramolecular 
synergy 
Due to the complexity of xylan and especially GAX, lignocellulolytic 
microorganisms apply a plethora of enzymes to achieve complete or at least partial 
hydrolysis. Most of these CAZymes harbor one active site, but some enzymes contain 
multiple catalytic domains, like the here investigated BoCE6-CE1, FjCE6-CE1, 
DmCE1B, and BeCE15A-Rex8A. The benefit of producing such a multicatalytic 
enzyme over several single-catalytic enzymes is still not well understood.  
Multicatalytic enzyme architectures exist outside of CAZymes. An example for this 
is the human fatty acid synthase, which is a homodimer consisting of many active 
domains catalyzing the synthesis of the saturated fatty acid palmitate from acetyl-
CoA and malonyl-CoA (120,121). Cellulosomes, which are multi-protein complexes 
targeting lignocellulose, can be equally complex though they are not covalently 
connected. Instead, cellulosomes comprise a scaffolding protein in which different 
enzymatic subunits dock into to form a large multi-enzyme complex. Cellulosome-
producing bacteria have been shown to be able to degrade highly recalcitrant 
polysaccharides, during which they release soluble saccharides which can support the 
growth of saccharolytic microbes (122,123). Examples of multicatalytic GHs include 
the cellulolytic CelA from Caldicellulosiruptor bescii and the chitinolytic ChiA from 
F. johnsoniae. Both of these enzymes have been shown to be highly efficient thanks 
to harboring complementary endo- and exo-acting catalytic domains (124,125). 
However, multicatalytic CEs have not been previously described.  
To assess whether the multicatalytic enzyme architecture of the CEs BoCE6-CE1, 
FjCE6-CE1, DmCE1B, and  BeCE15A-Rex8A benefits xylan hydrolysis, I compared 
the ability of each active domain with their full-length enzyme versions (Fig. 10; 




When Xyn11A was supplemented with BoCE6 or BoCE1, an equimolar mix of 
BoCE6 and BoCE1 or the full-length enzyme (BoCE6-CE1), xylanase activity was 
boosted on corn cob biomass (Fig. 13). Interestingly, Xyn11A activity was facilitated 
to a higher degree when supplemented with BoCE6-CE1 than with an equimolar mix 
of BoCE6 and BoCE1, which is illustrated by the highest release of reducing sugar 
equivalents observed. I hypothesize that the reason behind the synergistic effect is the 
ability of the full-length BoCE6-CE1 to simultaneously cleave acetyl groups in close 
proximity to feruloyl groups (paper I). Such structural motifs have been shown to be 
present in corn fiber (126), in which closely positioned feruloyl groups inhibited the 
AXE action of FjoAcXE, an enzyme encoded by F. johnsoniae (127). 
The observed intramolecular synergy of BoCE6-CE1 was the first instance of direct 
proof of a beneficial effect of the enzyme architecture of multicatalytic CE enzymes. 
The other three here investigated multicatalytic CEs (FjCE6-CE1, DmCE1B, and 
BeCE15A-Rex8A) did not exhibit a similar intramolecular synergy on corn cob 
biomass when supplemented to Xyn11A (papers I - III). The reason for the lack of 
observed synergy is not clear and more research is necessary to illuminate the 
differences between these enzymes. One possibility is that the tested corn cob 
biomass did not contain the structural motif targeted by both active domains of these 
enzymes. To observe synergy between the active domains of multicatalytic enzymes 
all the domains involved must be able to act on the substrate at hand to a sufficient 
degree, meaning that orientation and proximity of the active domains must match the 
targeted linkages and vice versa to complement each other. The orientation of 
domains in multicatalytic and multidomain enzymes can be influenced by linker 
regions. Catalytic and non-catalytic domains (for example CBMs) of multicatalytic 
enzymes are often connected by linker regions. These regions vary in length for 
example ranging between 30 to 180 residues (128). Linkers may give multicatalytic 
enzymes great flexibility, but could also form unpredicted secondary structure 
elements or may be glycosylated resulting in a more rigid protein structure. Another 
possibility why synergy was not observed could be that the targeted motif was not 
present in sufficient abundance to quantify the enzymes’ action with the detection 
methods applied. Lastly, a lack of observed synergy could also be rooted in simply 
no intramolecular synergy existing between the active domains of FjCE6-CE1, 
DmCE1B, and BeCE15A-Rex8A. This would demand a new explanation as to why 
these enzyme activities are combined into one enzyme unit. The fact that 
multicatalytic enzymes, for example with CE6-CE1 architectures, are not isolated 
cases but frequently encoded in the genomes of Bacteroidetes (89) implies a 
biological reason and warrants further investigation. Contrary to the CE6-CE1 
enzyme architecture, the combination of Rex and CE15 domains into one 
multicatalytic enzyme is rare and confined to very few members of the Bacteroidetes 
phylum including Bacteroides sp. NSJ-48, B. stercoris, B. gallinarum, Prevotella sp. 






Figure 13: Hydrolysis of corn cob biomass by Xyn11A supplemented with 
different carbohydrate esterase constructs encoded by B. ovatus. The figure was 
adapted from paper I. Reducing sugar (RS) equivalents were measured by 3,5-
dinitrosalicylic acid (DNSA) assays and data are presented as average of three 
replicates with standard errors of the mean. Xylan hydrolysis was higher when Xyn11A 
was supplemented with the full-length BoCE6-CE1 enzyme than when supplemented 
with an equimolar mix of BoCE6 and BoCE1 demonstrating an intramolecular 




3.8. Bacteroidetes encode loci of carbohydrate-active enzymes 
relevant for enzyme discovery and application 
Bacteroidetes are well versed glycan degraders and investigation of their degradation 
abilities and strategies holds the potential of advancing our understanding of 
lignocellulose hydrolysis, a process with a multitude of applications. For this reason, 
I mined the genomes of different Bacteroidetes species for little studied and 
interesting enzyme architectures and activities. Investigation and biochemical 
characterization of the CEs described above revealed that multicatalytic enzymes are 
a strategy employed by the Bacteroidetes phylum to degrade biomass. Research on 
multicatalytic CEs is still in its infancy and their importance is still unclear. In this 
thesis, the mining of multicatalytic enzymes led to the discovery of highly active 
domains from both “standard” and multicatalytic enzymes. DmCE6A was not only a 
highly active AXE but also showed promiscuous behavior towards acetylation 
position and acetylated monosaccharide in subsequent thin layer chromatography and 
nuclear magnetic resonance studies (paper II). Another example is the earlier 




beechwood (paper I). AXEs have been shown to be promising candidates for 
improving the saccharification of lignocellulosic material for biofuel production 
(129), as have FAEs (130-132). FAEs have also been applied in the pulp and paper 
industry to increase delignification and bleaching (133,134), and in feed production 
to increase digestibility and caloric value (135,136). Besides their relevance for 
“cleaning up” ester-linked compounds, FAEs also receive attention for the release of 
ferulic acid. Ferulic acid itself is a valuable product that has been shown to have 
antioxidant properties (137,138). Further, ferulic acid can serve as precursor in the 
production of styrenes, polymers, catechol (for example used in photography), and 
vanillin, which is an important aromatic compound used in food, pharmaceutical, and 
cosmetic industries (139-141).  
Besides practical application the investigation of CEs encoded by Bacteroidetes 
species also holds the potential to discover yet unknown enzyme activities or at least 
pointing out remaining knowledge gaps as exemplified by the BeCE15A enzyme. The 
continued investigation of such enzymes may increase our knowledge of enzyme 
architectures and structural motifs present in plant biomass.  
In summary, CAZymes encoded by Bacteroidetes and as described in this thesis, are 
a valuable resource that can help us expand our understanding of enzymatic plant 
biomass degradation. Enzyme discovery is of course possible in all kinds of 
organisms, but Bacteroidetes have a special feature that allows prediction of enzyme 
activities by taking the genomic neighborhood of the encoding gene into account. 
This special feature of Bacteroidetes of co-locating genes encoding CAZymes and 
related functions into PULs is the focus of the next chapter.  
 
 
3.9. Main points of chapter 3 
❖ Many different enzyme activities have to act in concert to hydrolyze xylan. 
❖ Glycoside hydrolases cleave glycosidic bonds between carbohydrates and 
non-carbohydrates in the xylan backbone and xylan side-chains. 
❖ The action of glycoside hydrolases can be hampered by xylan decorations, for 
example ester-linked acetic acid and ferulic acid.  
❖ A multitude of specialized carbohydrate esterase cleave these decorations and 
as a result facilitate xylanase mediated hydrolysis of xylan. 
❖ Multicatalytic enzymes harbor several distinct active domains and can profit 
from intramolecular synergy, as shown for the multicatalytic carbohydrate 
esterase BoCE6-CE1. 
❖ Carbohydrate-active enzymes in general, and PUL and Bacteroidetes encoded 
carbohydrate-active enzymes in particular, are a valuable resource for 
advancing the basic understanding of enzymatic biomass degradation and 




4. Plant biomass degradation by Bacteroidetes species 
is facilitated by polysaccharide utilization loci  
In the previous chapter I outlined how various enzyme activities target different motifs 
found in xylan and demonstrated the benefit of employing complementary enzyme 
activities together. Analogous to industrial enzyme cocktails, lignocellulolytic microbes 
produce an assortment of CAZymes to metabolize plant biomass. As enzyme production 
is costly for the microbial cell, microbes employ different strategies to make efficient use 
of their CAZymes. In this thesis, I focus on the Bacteroidetes and their strategy for 
degrading polysaccharides.  
This chapter introduces the role of the Bacteroidetes for mammalian gut health. The 
structure of PULs is explained on the basis of the archetypical starch utilization system. 
After discussing recent advances in PUL-related research, the pICKUP method is 
introduced, a new tool for PUL transfers that was developed as part of this thesis. Lastly, 
the validity of the pICKUP method is demonstrated by transferring the mixed-linkage β-
glucan utilization locus between two Bacteroidetes species.  
 
 
4.1. Bacteroidetes metabolize dietary fiber in the human gut 
Bacteria of the Bacteroidetes phylum are Gram-negative, non-spore-forming, and rod-
shaped. Its members can be divided into six classes: Bacteroidia, Chitinophagia, 
Cytophagia, Flavobacteriia, Saprospiria, and Sphingobacteria (142). Within 
Bacteroidetes, members of the Bacteroidia class, especially belonging to the Bacteroides 
genus, have received much attention in research.  
Bacteroidetes excel in metabolizing biopolymers and have established themselves in 
numerous environments such as sediments, soils, sea water, fresh water, and the 
gastrointestinal tract and skin of animals (143). In the mammalian gut Bacteroidetes 
metabolize dietary glycans (starches, fructans, pectins, and hemicelluloses) and host-
derived glycans (O- and N-linked glycans and glycosaminoglycans) (144), and are one of 
two dominant phyla present, with the other being the mostly Gram-positive Firmicutes 
(4,5). This thesis focuses on the degradation of hemicelluloses by Bacteroidetes, but an 
excellent overview of the variety and breadth of glycans metabolized by this phylum is 
given in Porter et al. (6).  
The abundance of Bacteroidetes in the gut depends on the diet of the host. It has been 
shown that Bacteroidetes are more abundant in omnivores and herbivores than in 
carnivores (4). The number of Bacteroidetes and bacteria in general is also influenced by 
the location of residence within the gastrointestinal tract. Whereas low concentrations of 




densities reach as high as 1012 colony forming units (CFU)/mL (145), making the 
mammalian colon one of the most densely populated environments on Earth (146,147).  
Some HGM members are thought to influence and often benefit many of their hosts’ vital 
functions such as development of the intestinal epithelium and lymphoid structures, 
fecundity, metabolism, immunity, and behavior (148-153). Bacteroidetes are generally 
associated with a healthy adult human gut microbiota (HGM) composition and different 
members of this phylum have been shown to play important roles in human gut health 
and disease (154). Because of their beneficial role it has been proposed that Bacteroidetes 
form a relationship of mutualism rather than commensalism with their human host (155), 
though it should be noted that certain Bacteroidetes species have also been shown to be 
opportunistic pathogens (154).  
In the colon, Bacteroidetes metabolize dietary fiber (indigestible by the host) and in return 
excrete short-chain fatty acids (SCFAs) in their salt forms, such as butyrate (butyric acid) 
and acetate (acetic acid). SCFAs can be absorbed and metabolized by the host and serve 
as a nutrient source (7,8) (Fig. 14).  
 
Figure 14: In the human gut resident microbes convert dietary fiber into short-chain 
fatty acids (SCFAs). The human gut is one of the most densely populated environments 
on Earth reaching up to 1012 colony forming units (CFU) per mL in the colon (145-147). The 
two dominant bacterial phyla of the human gut microbiome are Bacteroidetes and Firmicutes 
(4,5).  
 
SCFAs have been correlated with a number of health benefits. For example the SCFAs 
butyrate, propionate, and acetate have been suggested to promote gut integrity (9-11). In 
the healthy human gut a layer of mucus separates the epithelium and luminal 
environment, thus creating a physical barrier between the host and microbiota (11). 




disease, irritable bowel syndrome, and colorectal cancer (156,157). While acetate itself 
has been linked to various health benefits (158) it has also been hypothesized that 
Firmicutes scavenge acetate produced by Bacteroidetes to produce and excrete butyrate 
and propionate (159).  
 
 
4.2. Bacteroidetes tackle polysaccharide diversity with strategic gene 
organisation and regulation: the polysaccharide utilization locus 
Bacteroidetes employ a special strategy to degrade the extraordinarily diverse and 
complex structure of dietary fiber. To fully appreciate this strategy it is important to 
understand the challenges of their ecological environment: 
❖ The human gut is densely populated resulting in fierce competition among HGM 
members. 
❖ Substrate availability is dictated by the diet and dietary schedule of the host. 
❖ Readily digestible diet components are absorbed by the host before reaching the 
colon. 
❖ The human diet can be highly variable, which can make specialization on a certain 
substrate for example in the form of a specific polysaccharide a challenge for long-
term colonization of this environment.  
❖ Dietary fiber structures are diverse and require multiple CAZymes acting together 
to be degraded completely.  
❖ Due to their size, polysaccharides cannot be taken up by the microbial cell without 
at least some preliminary extracellular enzymatic degradation. Secreted enzymes 
and partly digested polysaccharides might be used or taken up by competitors.  
Despite these challenges Bacteroidetes thrive in the human gut by employing a strategy 
allowing for efficient protein use and flexible substrate response in the form of PULs. A 
PUL has been defined as a gene cluster encoding the proteins necessary to sense, bind, 
and degrade a specific polysaccharide (160). PUL systems have also been identified in 
species outside of the Bacteroidetes phylum. For instance, Firmicutes possess so-called 
Gram-positive PULs (gpPULs) with the major differences that gpPULs do not contain 
SusC/D-like gene pairs and generally harbor fewer CAZymes than Bacteroidetes-type 
PULs (161-165). As this thesis focuses on Bacteroidetes, I will limit the discussion to 







4.3. The starch utilization system serves as archetype for 
polysaccharide utilization systems 
The first PUL described was the starch utilization system (Sus) of the gut bacterium 
Bacteroides thetaiotaomicron (166,167). Since its discovery, the Sus has been researched 
in great detail and nowadays serves as a blueprint for similar gene systems within the 
Bacteroidetes phylum. The multitude of scientific works contributing to the elucidation 
of the Sus of B. thetaiotaomicron has been summarized in several excellent reviews, 
including publications by Martens et al. (168) and Foley et al. (169). Here, I will briefly 
describe the Sus as an example to illustrate the setup and working principle of PULs in 
general (Fig. 15).  
The Sus is composed of the eight genes SusRABCDEFG which are hypothesized to be 
expressed at all times at a low level and upregulated upon sensing specific motifs of the 
target polysaccharide (170,171). The target polysaccharide of the Sus is starch, a 
polysaccharide composed of α-1,4- and α-1,6-linked glucose moieties (172). The 
disaccharide unit of starch is maltose. Imported maltose and maltooligosaccharides 
(MaltOs) bind to SusR, a sensory protein spanning the inner cell membrane, which then 
triggers upregulation of the rest of the Sus (166,173). SusE and SusF aid in the formation 
of the Sus complex (174) and together with the CBM58 domain of SusG bind 
extracellular starch to the cell surface (175). The GH13 domain (amylase) of SusG 
cleaves bound starch into MaltOs (175), which are then transported across the outer cell 
membrane into the periplasm by the SusC/D complex. The SusC/D complex acts as a 
“pedal-bin” transporter including a pore in which SusC is the TonB-dependent transporter 
and SusD assists binding and forms the lid on the pore (176-178). In the periplasm, 
MaltOs are further processed by the CAZymes SusA (neopullulanase) and SusB (α-
glucosidase) to glucose, which is transported into the cytoplasm by an undefined glucose 
transporter (172,179-181). The Sus does not encode a glucose transporter, but genes 
encoding such transporters can be found in the genome of B. thetaiotaomicron. Possibly 
due to glucose being a pervasive nutrient source for B. thetaiotaomicron glucose 
transporter genes are not included in the Sus. Other PULs may encode specific 
monosaccharide transporters (124,182).  
Due to differences in the structure of polysaccharides targeted by PULs, the repertoires 
of encoded CAZymes and carbohydrate binding proteins differ, but the functional setup 
with initial but limited hydrolysis on the cell surface followed by full degradation within 
the periplasms is ubiquitous among PULs in the HGM studied so far (183). Further, the 
presence of homologs to the SusC/D pair is conserved in PULs. These tandem SusC/D-
like proteins serve as signature motifs for the automatic identification of PULs in the 
genome sequences of Bacteroidetes (184). While PULs appear to be highly efficient 
systems for the degradation of polysaccharides, not all species of the Bacteroidetes 
phylum encode PULs. Future research might reveal alternative polysaccharide 





















































































































































































































































































































































































































4.4. Multicatalytic enzymes may play important roles during 
polysaccharide utilization locus mediated glycan degradation  
Over the past decade a plethora of PULs have been identified, mainly based on 
sequence similarity to the B. thetaiotaomicron Sus (182,184), but also through 
upregulation of gene clusters during growth on different glycans (185). Predicted and 
literature-derived PULs are collected in the polysaccharide utilization locus database 
(PULDB; http://www.cazy.org/PULDB/; (182)). To date, many proteins and 
especially CAZymes encoded in PULs have been studied. However, multicatalytic 
enzymes encoded in PULs received only little attention and this thesis aims to help 
close this gap in knowledge. As mentioned before in chapter 3, the enzymes studied 
in this thesis originated from PULs from different species. An overview of the genes 
present in these PULs is given in Fig. 16. Here, I describe these enzymes in a larger 
context that is not focused on their individual enzyme activities. In short, the enzymes 
BoCE6-CE1 and FjCE6-CE1 were sourced from the BoXylL of B. ovatus and the 
FjXylUL of F. johnsoniae, respectively (paper I); DmCE1A, DmCE1B, and 
DmCE6A were encoded in the predicted PUL 17 of D. mossii (paper II) and 
BeCE15A-Rex8A was part of predicted PUL 27 of B. eggerthii (paper III).  
Previously the BoXylL of B. ovatus has been characterized with a focus on GH 
enzymes, surface glycan binding proteins (SGBPs), and SusD-like and SusC-like 
proteins (112), but the only CE present in the PUL was overlooked. This CE was 
investigated in paper I and designated as BoCE6-CE1. It has been shown that the 
presence of BoXylL is crucial for the ability of B. ovatus to grow on GAX originating 
from corn, sorghum, and rice (112). A second PUL encoded by B. ovatus (BoXylS) 
that was characterized in the same study was shown to be essential for the degradation 
of the less complex GX (birchwood) and AX (wheat) and did not encode any CEs. 
The here presented characterization of BoCE6-CE1 as a multicatalytic AXE/FAE and 
its activity on GAX-rich corn cob biomass complements the findings by Rogowski et 
al. (112) and highlights the importance of decoration-cleaving enzyme activities for 
the efficient degradation of complex xylan through PULs.  
While there is no synteny between BoXylL and FjXylUL, both PULs share a number 
of enzyme activities associated with the degradation of GAX, such as putative β-
xylosidases (GH3, GH43), endo-xylanases (GH10), α-L-arabinofuranosidases 
(GH43) and α-glucuronidases (GH115), as well as the multicatalytic CE6-CE1 
proteins studied here (Fig. 7). The presence of GAX-targeting CAZymes together 
with the previously reported ability of F. johnsoniae to grow on wheat arabinoxylan 
and methyl-glucuronoxylan (186) suggests that this Bacteroidete may metabolize 
GAX. The ability of FjCE6-CE1 to boost xylanase activity on GAX-rich corn cob 



































































































































































































































































































































The predicted PUL 17 of D. mossii encodes various GH families associated with the 
enzymatic degradation of complex xylan. Additionally, this PUL encodes three 
distinct CE enzymes, one of which is multicatalytic. Investigation of these CEs and 
their individual domains revealed that each CE domain had a distinct activity profile 
(paper II). This suggests that each CE domain fulfills a unique role during the 
degradation of the polysaccharide targeted by predicted PUL 17. Moreover, the fact 
that all three CEs are part of the same PUL indicates that these enzymes are produced 
at the same time. The abundance of CEs (and the resulting ability to metabolize highly 
complex xylan) could give D. mossii a competitive advantage over other HGM 
members, which might not be as well equipped to metabolize highly decorated GAX. 
However, it is not clear if D. mossii acts in a “selfish” manner (importing decorated 
GAX oligosaccharides) or whether it secretes DmCE1A, DmCE1B, and DmCE6A. 
Secretion of these enzymes could enable cross-feeding of other HGM members, 
which might support HGM composition stability. More research for example in the 
form of proteomics and co-culture studies is necessary to establish the interaction of 
D. mossii with the rest of the HGM community.  
Multicatalytic enzymes are not limited to PULs. Vice versa not every PUL encodes 
multicatalytic enzymes. The two most common multicatalytic enzyme architectures 
encoded in PULs listed in the PULDB consists of multiple CE domains or multiple 
GH domains. Several examples of fused GH and polysaccharide lyase domains also 
exist in the PULDB (182). The general prevalence of multicatalytic enzymes 
throughout different PULs and different Bacteroidetes species implies that 




4.5. The holistic investigation of polysaccharide utilization loci is 
challenging 
Since its beginnings marked by the discovery of the Sus in the early 90’s by the 
Salyers lab, PUL research has come a long way (166,167). It became apparent that 
PULs are widespread among Bacteroidetes and that other phyla can harbor systems 
similar to Bacteroidetes-style PULs.  
Today, several online resources exist that facilitate PUL research. One of them is 
dbCANPUL (http://bcb.unl.edu/dbCAN_PUL/), a database collecting information on 
experimentally validated CAZyme containing gene clusters (187). Another useful 
resource is the previously mentioned PULDB, which predicts PULs from published 
genome sequences based on a number of requirements, one of which is the presence 
of SusC/D homologues (182). The PULDB allows for a quantitative assessment of 
the PUL repertoire of Bacteroidetes species. Generally, Bacteroidetes species encode 




encode around 100 PULs each (185). Bacteroidetes may preferentially target some 
polysaccharides over others following a PUL priority order when multiple 
polysaccharides are encountered in their environment. While there is a strong 
correlation between number of PULs encoded in a species’ genome and number of 
polysaccharides metabolized (185), the prediction of PULs is still limited by the 
extent of our current understanding of PULs. For instance, the PULDB lists many 
PULs containing multiple SusC/D-homologues and the role of this seeming 
redundancy remains unclear. Further, the PULDB also lists PULs only consisting of 
a single SusC/D homologue. These “lonely” SusC/D homologues could be involved 
in the degradation of non-carbohydrates or might be co-regulated with distantly 
placed CAZymes through yet unknown transcriptional regulation (188). 
Complicating things further are indications that PULs might not act entirely 
independently from their genetic context. For instance, it has been shown that PUL 
activation can lead to upregulation of genes involved in the formation of capsular 
polysaccharides (189). Further, it has been demonstrated that during PUL mediated 
degradation of porphyran (190,191) and carrageenan (192) not all activated genes are 
present in one locus. 
The holistic characterization of PULs can contribute to fill these knowledge gaps and 
improve future predictions. However, thorough investigations of whole PULs are still 
rare (Table 4), likely due to the challenging blend of disciplines including genetics, 
enzymology, microbiology, transcriptomics, proteomics, and crystallography that 
have to be successfully applied together in order to build a comprehensive picture of 


















Table 4: Examples of comprehensive PUL characterization studies to date.  
PUL Species Target Characterization 
XyGUL B. ovatus xyloglucan Genetic and biochemical characteri-
zation of eight GHs and two SGBPs, 




B. ovatus xylan Genetic, biochemical, and structural 
characterization of various GHs and 
SGPB (112). Biochemical characteri-
zation of BoCE6-CE1 (paper I). 
βManUL B. ovatus β-galacto-
mannan 
Genetic, biochemical, and structural 
characterization of BoGal36A (194), 
BoMan26A, and BoMan26B (195).  
ChiUL F. johnsoniae chitin PUL gene deletions, structures, and 
binding profiles of SusD-like proteins 
and biochemical characterization of 
chitinases ChiA and ChiB (124). 
Additional characterization of ChiA 
(196). Structural investigation of ChiA, 
ChiB, and GH20 (197). 
MLGUL B. ovatus mixed-
linkage β-
glucans 
Biochemical characterization of 
BoGH16MLG, BoGH3MLG, and 
BACOVA_02738 (GH3), including 
structure of BoGH16MLG (198). 
Biophysical, structural, and in vivo 
characterization of BoSGBPMLG-A and 
BoSGBPMLG-B (199). Proof that 
MLGUL transfer also transfers MLG 






α-mannan Genetic and biochemical characteri-
zation of multiple PUL-encoded 
proteins supplemented with localiza-






Genetic, biochemical, and structural 
characterization of multiple PUL 
encoded proteins (201). 
Naming of the PULs follows the suggested nomenclature in McKee et al. (188). 
  
4.6. Transferring polysaccharide utilization loci is a promising 
but challenging method to answer new research questions  
When establishing the specificity of a PUL three approaches are mainly used, often 
in combination. One is defining the PUL boundaries through identification of co-
regulated genes by comparison of transcription levels when a species is grown on 
different glycan substrates (185). The second approach includes biochemical, and if 




as done in this thesis. The third approach focuses on the deletion of the investigated 
PUL or its parts in connection with growth studies. For example it was shown that 
the deletion of the PUL genes BACOVA_02738–02745 of B. ovatus led to an 
abolishment of growth on MLG (198).  
Due to the numerous proteins they encode, PULs are typically very large (often 15 - 
100 kb), which impedes their investigation and can limit genetic studies to deletions. 
While PUL or gene deletions are undoubtedly useful, they cannot address certain 
research questions. The introduction of PULs into Bacteroidetes species, for example 
by transferring PULs between strains, could however provide answers for the 
following questions:  
❖ Does the transfer of a PUL likewise transfer a degradation ability? 
❖ Do genetic context and evolutionary distance influence whether a PUL 
accepting species can utilize the donated PUL? 
❖ Is the priority order of PULs conserved among different species? 
The transfer of PULs between Bacteroidetes species is believed to occur naturally in 
the gastrointestinal tract of mammals as well as in other habitats. This hypothesis is 
based on the observed synteny, meaning highly similar gene organization, of PULs 
between closely and distantly related HGM species (112,124,185,193,198). Despite 
this, there are currently only two examples in the literature of successful transfers of 
PULs or larger PUL segments in a controlled environment (excluding paper IV). 
Speaking from personal experience, this may partly be because transferring PULs 
between different Bacteroidetes species is extremely difficult.  
The first instance was only recently published (in 2018) and was part of a mouse 
study focusing on the potential of PULs for the engraftment of beneficiary strains into 
the gut microbiota (202). A rare porphyran utilization locus (PorUL) encoded by a 
B. ovatus strain, and likely received through lateral gene transfer from a marine 
organism, was transferred into B. stercoris. The same study also attempted to transfer 
the PorUL into B. thetaiotaomicron, but achieved only complete genomic integration 
for a shortened version of the PorUL (40 vs 60 kb), once more exemplifying the 
difficulty of controlled PUL transfers (202). The abundance of the resulting mutant 
strain in the mouse gut was shown to directly correlate with the amount of porphyran 
supplemented in the diet and by supplying its own metabolic niche in the form of 
porphyran the exogenous strain was able to assert itself (202). In the second instance 
an antibiotic-independent vector system that is based on inulin utilization was 
developed (203). Here, only a part of the full PUL was transferred which was also 
comparatively small to most full-length PULs. In both instances NBU2 integrase-
expressing plasmids were applied. NBU2 is a mobilizable genetic element native to 
members of the Bacteroides genus. It allows for the integration at two specific att 






4.7. The pICKUP method expands the toolbox for investigating 
polysaccharide utilization loci  
The difficulties in recreating PUL transfers in a controlled environment make it 
obvious that the details of this process are still poorly understood. Therefore, it is all 
the more important to expand basic knowledge, introduce new tools, and generate 
more data related to PUL transfers. Paper IV of this thesis presents a new tool for 
the transfer of PULs between Bacteroidetes species. The pICKUP method relies on 
the equally named vector that was created within the studies leading to paper IV.  
The “empty” pICKUP vector harbors various genetic elements allowing for 
propagation in three different hosts (Saccharomyces cerevisiae, Escherichia coli, and 
Bacteroides species). In short, the yeast S. cerevisiae is used to assemble the pICKUP 
vector. E. coli is used to propagate the vector and conjugate it into the receiving strain 
(Bacteroides). A detailed overview of all genetic elements present in pICKUP as well 
as their respective functions can be found in paper IV. In addition to the vector 
backbone, the “loaded” pICKUP vector also contains the PUL from the donor strain 
and two target regions (TRs). TRs are PCR amplified regions homologous to the site 
of integration in the genome of the receiving strain.  
In a first step, the restriction digested pICKUP backbone, the PCR amplified PUL 
(can be split into several parts if necessary due to large size), and the TRs are 
assembled in yeast, taking advantage of its remarkable ability to fuse DNA fragments 
via homologous recombination (Fig. 17). The assembled pICKUP-TR-PUL is then 
extracted from yeast and transformed into E. coli. Using E. coli as carrier of the 
pICKUP-TR-PUL entails a multitude of advantages:  
❖ High plasmid concentrations of pICKUP-TR-PUL can be achieved.  
❖ Straight-forward plasmid extraction resulting in high purity plasmid that is 
suitable for sequencing, and 
❖ E. coli can conjugate with Bacteroides.  
In a last step, E. coli harboring pICKUP-TR-PUL is co-cultured with the receiving 
Bacteroides strain, in which the plasmid is taken up and integrated into the genome 
via bacterial conjugation.  
The pICKUP method has several advantages. Firstly, the site of integration into the 
genome of the PUL receiving strain can be chosen by selecting appropriate TRs. 
Selectable integration allows for more control over the PUL transfer process, limiting 
unfavorable gene disruption and enabling the transfer of multiple PULs, as there is 
no limit to integration sites as it is the case in systems that rely on att sites. Secondly, 
marker genes of the pICKUP plasmid are not present in the final mutant strain. The 





Figure 17: Schematic representation of PUL transfer steps. Enzymatically digested 
(StuI) pICKUP, PCR amplified target regions (TR1 and TR2) which are homologous to 
the site of integration of the acceptor strain, and the PCR amplified PUL (here mixed-
linkage β-glucan utilization locus; MLGUL) from the donor strain are assembled in yeast 
by homologous recombination (marked by red arrows). The resulting pICKUP-TR-PUL 
vector is extracted from the yeast cells and transformed into E. coli, from which it is 





of the    receiving   strain   (antibiotic    resistance    genes)   and    others   crippling   
it (counterselection genes). The marker genes are crucial for reducing background 
and enabling the selection of:  
❖ yeast assembled pICKUP plasmids that contain the PUL and TRs over empty 
pICKUP vectors. 
❖ E. coli that harbors pICKUP-TR-PUL over E. coli without plasmid. 
❖ Bacteroides that integrated pICKUP-TR-PUL into their genome over wild-
type Bacteroides. 
❖ Bacteroides that retained the PUL and expelled the pICKUP backbone.  
Not permanently integrating marker genes into the genome is a big advantage, as the 
same markers can be used over and over to introduce PULs into the same strain, and 
do not promote the spread of antibiotic resistance.  
An important parameter in PUL transfer research is transfer efficiency. It is not 
known how frequent PUL transfers are under physiological conditions. The fact that 
microbial cell densities are extremely high in the gut and that Bacteroidetes strains 
possess a characteristic PUL repertoire (while also sharing many PULs) might 
indicate that PUL transfer events in nature are relatively rare. It is also possible that 
the PUL repertoire of strains has a degree of plasticity, resulting in the periodical 
removal of PULs that are for example not frequently used or of low priority to the 
encoding strain. To date there is no research available supporting either of these 
hypotheses. Future studies, evaluating the impact of PUL size, PUL contents, 
evolutionary distance between donor and receiving strain, and conjugation conditions 
may help understand PUL transfer efficiency under physiological conditions and 
improve PUL transfer efficiency under controlled conditions.  
 
 
4.8. Transfer of the mixed-linkage β-glucan utilization locus also 
transfers the associated phenotype  
For the demonstration of the PUL transfer (paper IV), two of the most researched 
Bacteroidetes species belonging to the HGM, B. thetaiotaomicron and B. ovatus, 
were used (183,185). In earlier studies, the investigation of the PUL inventory of 
these species revealed that both encoded many highly similar PULs, and as a result 
both species were able to metabolize many of the same glycans (185). However, these 
two species still populate different ecological niches in the HGM, with 
B. thetaiotaomicron metabolizing certain pectins and host-derived O-glycans that are 
part of the host’s mucus layer (170), while being unable to metabolize hemicellulose 





One kind of hemicellulose metabolized by B. ovatus is MLG. MLG is a relatively 
simple polysaccharide composed of β-1,3 and β-1,4 linked glucose units and is 
typically found in cereals (206). The MLGUL of B. ovatus was associated through 
RNA sequencing and deletion studies with the bacterium’s ability to degrade MLG 
(Table 4). When the MLGUL was deleted from its genome, B. ovatus lost the ability 
to grow on MLG, indicating that this PUL is central for the ability of B. ovatus to 
metabolize this hemicellulose (198). B. thetaiotaomicron is unable to grow on MLG.  
In paper IV the MLGUL of B. ovatus ATCC 8483 was transferred into the genome 
of B. thetaiotaomicron Δtdk using the previously described pICKUP method. The 
resulting strain BtMLGUL gained the ability to grow on MLG. BtMLGUL grew to 
comparable optical densities as B. ovatus on MLG, albeit displaying a prolonged lag-
phase (Fig. 18). The MLGUL transfer showcases that the developed pICKUP method 
can be applied to successfully transfer full PULs. Further, it proves that the sole 
transfer of the MLGUL conferred the MLG metabolizing phenotype. The observed 
lag-phase may result from processes influencing the ability of BtMLGUL to utilize the 
MLGUL, such as PUL priority and/or regulation. These yet unidentified processes 
and interactions might be encoded in other parts of the Bacteroidetes genome and 
thus may differ in BtMLGUL from B. ovatus. More research is necessary to evaluate the 
mechanisms causing the observed lag-phase. Likewise, it remains unclear if all PULs 
transfer complete degradation abilities, as was observed in the case for the MLGUL 
transfer and MLG degradation.  
 
 
Fig. 18: Comparative growth on minimal medium supplemented with different 
carbon sources. The figure was taken from paper IV. (A) B. ovatus ATCC 8483 (blue), 
B. thetaiotaomicron Δtdk (pink), and BtMLGUL (green) were grown on glucose. (B) The 
wildtype B. ovatus, but not B. thetaiotaomicron, exhibited growth on mixed-linkage β-
glucan (MLG). By receiving the mixed-linkage β-glucan utilization locus (MLGUL) from 
B. ovatus, BtMLGUL gained the ability to grow on MLG. Data are presented as the average 
of three replicates with standard errors of the mean. The optical density (OD) was 





4.8. Main points of chapter 4 
❖ Bacteroidetes metabolize complex polysaccharides found in dietary fiber with 
the help of polysaccharide utilization loci (PULs).  
❖ PULs encode proteins necessary to sense, bind, and degrade a specific 
polysaccharide or polysaccharide motif. 
❖ Transferring PULs is a crucial step to address many PUL-related research 
questions, but is very challenging. 
❖ The pICKUP method is a genetic tool developed for the site-directed transfer 
of PULs between species, using a combination of yeast homologous 
recombination and bacterial conjugation. Resulting mutants only retain PUL 
parts but no selection markers. 
❖ The pICKUP method enabled the transfer of the mixed-linkage β-glucan 
utilization locus from B. ovatus into B. thetaiotaomicron Δtdk, which also 










This chapter first discusses current prospects and limitations of CAZymes, with a 
focus on CEs, and gives an outlook on future research. Then, the limitations and 
advantages of the pICKUP method, which was developed as part of this thesis, are 
considered. Lastly, the relevance and potential of PUL research for the advancement 
of basic knowledge and future applications is discussed.  
To date, thousands of CAZymes have been studied resulting in the publication of vast 
amounts of biochemical and structural data. Despite that, our understanding of 
CAZymes is far from complete. Enzyme families such as CE1 demonstrate that 
CAZymes match the complexity and heterogeneity of their lignocellulose substrates 
with an equal high variety in activities and structures. The exploration and 
characterization of CAZymes is often aggravated by the availability of model 
substrates and well-defined natural substrates. The work underlying this thesis also 
suffered to a certain degree from such limitations, as for example the corn cob 
biomass that was utilized in xylanase assays is known to be rich in GAX (109), but 
its exact chemical structure is not known and might additionally vary from batch to 
batch. Another challenge in enzyme characterization is the acquisition of good 
structural data as many proteins simply cannot be crystallized (with reasonable 
efforts). 
Nonetheless, further exploration of the depth of enzyme activities found among 
CAZymes will eventually enable us to reliably predict exact enzyme activities from 
protein sequences and structures. Such knowledge will also be useful for enzyme 
modelling and the creation of artificial enzymes.  
In the past CEs have not received as much attention as enzymes targeting glycosidic 
linkages in xylan. However, the ability of CEs to target xylan decorations and 
facilitate the action of GH enzymes such as xylanases as demonstrated in this thesis, 
makes members of this enzyme class interesting targets for further studies focusing 
on the elucidation of enzymatic biomass degradation.  
Under physiological conditions enzymatic biomass degradation is not performed by 
a single enzyme, but by a mix of enzymes that influence each other. As such, studies 
investigating the interaction of multiple CAZymes working together are becoming 
increasingly important. With this in mind, multicatalytic enzymes are especially 
interesting as their enzyme architectures may give pointers as to what enzyme 
activities work well together and should be combined or even fused. Similarly, the 
CAZymes encoded in PULs exemplify enzyme activities needed to degrade a specific 
polysaccharide motif and may inspire future enzyme cocktail compositions. The 
pICKUP method may facilitate such research. 
In this thesis the pICKUP method was developed to expand the tools available for the 




DNA fragments in general. The functionality of the pICKUP method was 
demonstrated by transferring the MLGUL of B. ovatus into B. thetaiotaomicron Δtdk. 
The MLGUL is a relatively small PUL “only” spanning 8 genes (locus tags 
BACOVA_02739 to BACOVA_02747) corresponding to a length of 16 kb. While 
the MLGUL transfer is sufficient for a proof of concept study, more research is 
needed to establish whether the pICKUP method also facilitates the transfer of larger 
PULs.  
A current limitation of the pICKUP method is that counterselection against reverted 
wildtype mutants relies on the absence of thymidine kinases in the genome of the 
receiving Bacteroidetes strain. This is also the reason why B. thetaiotaomicron Δtdk 
was utilized in this study. Future substitution of this selection process may increase 
flexibility in picking the PUL receiving Bacteroidetes strain. Further, the cloning of 
the PUL in chunks suitable for PCR amplification can be quite labor intensive. An 
overhauled pICKUP method may replace PCR amplified PUL parts with target 
regions homologous to the ends of the PUL. In theory, yeast should then be able pick 
up the PUL from sheared genomic DNA during vector assembly.  
The pICKUP method has two big advantages. Firstly, the integration site in the 
genome of the PUL receiving strain is selectable. This level of control ensures that 
PUL integration does not interrupt genes if not desired. Further, multiple PULs may 
be introduced and the PULs can be placed in sequence or scattered throughout the 
genome of the receiving strain. Secondly, final mutants only carry the PUL, but no 
parts of the pICKUP backbone, thus no marker genes such as antibiotic resistances 
are accumulated. These characteristics are particularly useful when building up a 
desired PUL repertoire in a receiving strain.  
Full or partial PUL transfers can advance our understanding of PUL mediated glycan 
degradation. For example, the transfer of multiple PULs from Bacteroidetes strain A 
to Bacteroidetes strain B coupled with growth studies on mixed glycans may give 
insights into whether PUL priority is conserved among Bacteroidetes species. 
Another example are studies involving the transfer of the same PUL into increasingly 
distantly related Bacteroidetes species. Such studies could help establish if 
evolutionary distance and genetic context (interaction of the integrated PUL with the 
receptor genome) are important factors influencing the ability of a Bacteroidetes 
strain to accept and/or utilize a foreign PUL. Lastly, the transfer of PULs from little-
studied species into established model organisms such as B. ovatus or 
B. thetaiotaomicron may simplify and accelerate the genetic and biochemical 
characterization of PULs or PUL parts including encoded CAZymes. 
A stepwise tailoring of PUL repertoires enables the creation of “designer” strains, 
which could be engineered to degrade a specific biomass feed composition. Such 
strains could find application in wastewater treatment facilities and biorefineries, 
where they may improve biomass hydrolysis. Bacteroidetes are known to secrete 




mediated biomass degradation with the microbial production of platform chemicals 
(for example succinic acid) could improve the economic feasibility of biorefineries, 
which are central for the implementation of a bioeconomy. Lastly, designer strains 
may also be tailored to support the gut health of humans and livestock in the form of 
probiotic strains. The potential of rare PULs for long-term engraftment of 





This chapter evaluates whether the aims stated in chapter 1 section 7 have been 
reached. The first aim was to investigate the role of PUL encoded CEs. To address 
this aim, various CEs encoded in different PULs from the Bacteroidetes species 
B. ovatus, F. johnsoniae, D. mossii, and B. eggerthii were biochemically 
characterized. Investigated CE1 and CE6 enzymes improved xylanase mediated 
xylan-rich biomass hydrolysis indicating that these enzymes support the activity of 
PUL encoded xylanases (papers I & II). Additionally, several of the investigated 
CEs demonstrated characteristics that highlight the potential of PUL encoded CEs for 
enzyme discovery. For example, the enzyme DmCE6A was shown to be highly active 
and showcases that PUL encoded CEs may be a valuable resource for the exploration 
of industrially relevant enzymes (paper II). The multicatalytic enzyme BeCE15A-
Rex8A harbors a rare and novel enzyme architecture. While the exact target of this 
enzyme could not be determined, the existence of BeCE15A-Rex8A is an indication 
for the existence of yet unknown structural motifs in plant biomass. Thus, PUL 
encoded CEs may also advance our basic understanding of enzymatic plant biomass 
degradation and plant biomass structures. 
The second aim was to investigate the occurrence of multiple CEs in the same PUL. 
Predicted PUL 17 of D. mossii encodes three CE enzymes (including one 
multicatalytic CE), which were all biochemically characterized revealing that each 
CE domain had a distinct activity profile on model and native substrates. This 
suggests that each CE fulfills an individual role during the degradation of the xylan 
motif that is targeted by the encoding PUL (paper II).  
The third aim was to investigate PUL encoded multicatalytic CEs and find a possible 
explanation for this enzyme architecture. Studies on corn cob biomass revealed that 
supplementing the multicatalytic enzyme BoCE6-CE1 in its full-length form yielded 
a higher boost to xylanase activity than when supplemented in the form of an 
equimolar mix of the N- and C-terminal domains (paper I). Possibly, the 
combination of several CE activities into one multicatalytic enzyme allows for the 
degradation of complex motifs within xylan decorations that cannot be efficiently 
degraded by single enzyme activities. The reason behind this may be close proximity 
of the catalytic domains in multicatalytic CEs, which is otherwise not guaranteed 
under physiological conditions. To the best of my knowledge, BoCE6-CE1 is the first 
reported case of intramolecular synergy for multicatalytic CEs.  
The fourth aim of this thesis was to develop a method to transfer PULs between 
different species to expand the available genetic toolbox. A combination of yeast 
homologous recombination and bacterial conjugation was applied to create the 
pICKUP method, which allows for site-directed integration of gene cassettes, for 
example PULs, into the genome of the receiving Bacteroidetes strain (paper IV). The 




B. ovatus ATCC 8483 into B. thetaiotaomicron Δtdk, resulting in the creation of the 
strain BtMLGUL. 
Comparative growth studies on mixed-linkage β-glucan using B. ovatus ATCC 8483, 
B. thetaiotaomicron Δtdk, and BtMLGUL showed that the transfer of the MLGUL 
initiated an MLG metabolizing phenotype (paper IV). This experiment addressed the 
fifth aim, which was to prove that the sole transfer of a PUL also transfers the 
degradation ability conferred by the respective PUL.  
The overall aim of this thesis was to explore the potential of the bacterial phylum 
Bacteroidetes for the degradation of plant biomass. I showed that Bacteroidetes and 
PUL encoded CEs (some of which are multicatalytic) are active on lignocellulosic 
material. Some of the investigated CEs exhibited favorable activity profiles with 
potential for industrial application (for example DmCE6A), and harbored little 
studied enzyme architectures advancing our basic understanding of cooperative 
enzymatic hydrolysis (BeCE15A-Rex8A). Besides their CAZymes, Bacteroidetes are 
known to gain many of their biomass degradation capabilities from the PULs they 
encode. While the characterization of PULs themselves beyond encoded CEs was not 
part of this thesis, the pICKUP method was developed to facilitate future PUL 
research. Overall, this thesis further supports the Bacteroidetes phylum being a rich 
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